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SUMMARY
Copper (Cu) d e f i c ie n c y  in ruminants cont inues t o  be a common t r a c e  
element d iso rd e r  in Great B r i t a i n  desp i te  the  f a c t  t h a t  i t s  ex is tence  
was f i r s t  recognised over 50 years ago. As the  d i r e c t  t rea tm en t  o f  
a n im a ls  i s  demanding,  t h e  co n v e n ie n c e  and s i m p l i c i t y  o f  a s o i l
t rea tm en t  t o  ra ise  herbage Cu s ta tu s  is  an a t t r a c t i v e  p ro p o s i t i o n .
However previous s tud ies  have ind ica ted  t h a t  s o i l  a p p l i c a t io n  o f  Cu 
compounds a l th o u g h  I n c r e a s in g  p l a n t  up take  o f  Cu were seldom 
dependab le  in  overcom ing  lo n g  te rm  l i v e s t o c k  d e f i c i e n c i e s .  The 
o b je c t i v e  o f  t h i s  work was t o  eva lua te  a novel slow re lease t r a c e  
element f e r t i l i s e r  (Cu f e r t i l i s e r )  f o r  the prevent ion o f  Cu d e f i c i e n c y  
in sheep. The Cu f e r t i l i s e r  i s  an unref ined and unprocessed by­
p roduct  o f  the brass manufactur ing  in dus t ry  and is  not a s p e c i a l l y  
fo rmula ted f e r t i l i s e r .
Chemical and physica l  c h a r a c t e r i s a t io n  o f  the Cu f e r t i l i s e r  have shown 
t h a t  i t  con ta ins  approx imate ly  2% Cu which is  d i s t r i b u te d  th roughout  a 
wide p a r t i c l e  s ize  range. In  a d d i t io n  the  Cu f e r t i l i s e r  i s  on ly
s p a r in g ly  so lub le  in water .  The c h a r a c te r i s a t io n  s tud ies  suggested 
t h a t  the Cu f e r t i l i s e r  when app l ied  to  s o i l  should ac t  as a slow
re lease source o f  Cu t o  p l a n t s .  The f e r t i l i s e r  was also found t o  
con ta in  z in c ,  lead,  i r o n ,  cadmium, n icke l  and manganese.
A p p l i c a t io n  o f  the Cu f e r t i l i s e r ,  both incorporated in to  the  s o i l  and 
b r o a d c a s t  o n t o  an e s t a b l i s h e d  sward  i n c r e a s e d  h e r b a g e  Cu 
c o n c e n t ra t io n s .  Both pot and f i e l d  t r i a l s  showed t h a t  inc reas ing  the  
Cu f e r t i l i s e r  a p p l i c a t i o n  r a t e  produced s i g n i f i c a n t  i n c re a s e s  in  
herbage Cu concen t ra ton . A s i m i l a r  e f f e c t  was shown f o r  z in c .  These
increases were not accompanied by de tec tab le  increases in herbage Pb, 
Fe, Cd, Cr, Ni o r  Mn c onc e n t ra t io ns .  In the  case o f  the  f i e l d  t r i a l  
these re s u l t s  were maintained in th ree  successive years a f t e r  a s in g le  
a p p l i c a t i o n  in December 1985.
Glasshouse p o t  t r i a l s  showed t h a t  l o w e r in g  t h e  s o i l  pH caused 
s i g n i f i c a n t  increases in herbage Cu concen t ra t ions  o f  supplemented 
s o i l s .  These r e s u l t s  were not repeated in the  f i e l d .  The increased 
herbage Cu conce n t ra t io ns  in the pot t r i a l s  occurred on fou r  d i f f e r e n t  
s o i l  types .  Water logg ing had no e f f e c t  on the  ra te  o f  re lease o f  Cu 
from the  f e r t i l i s e r .
In  a f i e l d  t r i a l  w i th  ewes and lambs grazing a sward w i th  known low Cu 
a v a i l a b i l i t y  a s in g le  a p p l i c a t i o n  o f  the Cu f e r t i l i s e r  (370 kg/ha)  was 
successful  in r a i s i n g  and m a in ta in ing  plasma Cu concen t ra t ions  above 
the  d e f i c ie n c y  th re sho ld  in ewes throughout  pregnancy, lambing and 
weaning, and in t h e i r  lambs. The s in g le  a p p l i c a t i o n  elevated plasma 
Cu concen t ra t ions  w i t h in  s i x  weeks and was e f f e c t i v e  f o r  two years,  
d u r i n g  wh ich t im e  i t s  e f f e c t  was comparab le  t o  two annual  o r a l  
a d m in is t ra t i o n s  o f  Cu needles.  In the  t h i r d  year the  mean plasma Cu 
concen t ra t ion  o f  ewes on t re a te d  pasture ,  a l though s t i l l  h igher  than 
t h a t  o f  the  c o n t r o l  ewes, dropped below the  d e f i c i e n c y  th re s h o ld .  
Tissue ana lys is  from dead ewes in the  second year o f  th e  t r i a l  showed 
t h a t  ewes on the  Cu f e r t i l i s e r  t rea ted  pasture had a much h igher  Cu 
concen t ra t ion  in t h e i r  l i v e r  than those on unt rea ted pasture .
H e rb a g e  a n a l y s i s  f r o m  t h e  a n im a l  r e s p o n s e  t r i a l  showed Cu 
concen t ra t ions  above the  phy to tox ic  th resho ld  and up t o  ten t imes 
those found in po t  and herbage t r i a l s  in the  f i r s t  6 months a f t e r
a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r .  These data suggested t h a t  the  Cu 
f e r t i l i s e r  was contaminat ing the  herbage and was thus a v a i l a b le  f o r  
in g e s t io n .
Lead adherence and i n g e s t i o n  t r i a l s  dem ons t ra ted  t h a t  t h e  Cu 
f e r t i l i s e r  can adhere t o  herbage and when ingested by sheep a t  10 
g /d a y  does i n c re a s e  plasma Cu c o n c e n t r a t i o n s  w i t h o u t  any known 
d e le te r io u s  or  t o x i c  e f f e c t s  on the  animal.
A second f i e l d  t r i a l  using a lower Cu f e r t i l i s e r  a p p l i c a t i o n  ra te  (250 
k g / h a ) ,  and hence r e d u c in g  t h e  p o t e n t i a l  f o r  s u r f a c e  adherence ,  
resu l ted  in a comparable increase and maintenance o f  the  plasma Cu 
c oncen t ra t ions  o f  sheep graz ing  the  t rea ted  pasture t o  t h a t  found in 
the  f i r s t  t r i a l .  The replacement o f  the 20 sheep o r i g i n a l l y  on the  
t r e a te d  pasture by 20 new sheep, one year a f t e r  the  Cu f e r t i l i s e r  
a p p l i c a t i o n  a l s o  r e s u l t e d  i n  an i n c r e a s e  in  t h e i r  p las m a  Cu 
c onc e n t ra t io ns .  Th is  occurred w i t h in  10 weeks o f  t h e i r  in t r o d u c t i o n  t o  
the  t re a te d  pas ture and was maintained above the d e f i c i e n c y  th resho ld  
over  the  subsequent w in te r .
A f t e r  t h e  i n i t i a l  s u r f a c e  c o a t i n g  e f f e c t s  r e s u l t i n g  f rom t h e  
a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r  disappeared a f t e r  6 months in the  
f i r s t  f i e l d  t r i a l ,  a 2 t o  3 m g/kg  a d v a n ta g e  in  h e r b a g e  Cu 
concen t ra t ions  was maintained throughout  the m on ito r ing  pe r iod ,  from 
November 1985 t o  June 1988, over  the  untreated pasture .
Th is  t ra c e  element f e r t i l i s e r  d id  g ive  long term increases in the  Cu 
concen t ra t ion  o f  perennia l  ryegrass and mixed herbage. However in the 
animal response t r i a l s  i t  i s  proposed t h a t  the  i n i t i a l  increase in 
sheep plasma Cu conce n t ra t io ns  were due to  d i r e c t  inges t ion  o f  the
f e r t i l i s e r  f rom coa te d  herbage and from Cu f e r t i l i s e r  mixed w i t h  
su r face  s o i l  w h i l s t  the  sward growth was poor.  Subsequent maintenance 
o f  sheep plasma Cu concen t ra t ions  appears t o  be due to  reserves o f  
l i v e r  Cu accumulated dur ing  t imes o f  h igher  Cu in take  toge the r  w i th  
t h e  in c rea sed  l e v e l  o f  Cu a v a i l a b l e  f rom t h e  herbage and t h e  
p o s s i b i l i t y  o f  f u r t h e r  Cu f e r t i l i s e r  inges t ion  as s o i l  inges t ion  in 
subsequent years.  The increased herbage Cu c oncen t ra t ions  alone do 
not appear t o  be s u f f i c i e n t  t o  p rov ide adequate long term p ro te c t io n  
f rom Cu d e f i c ie n c y .  Despi te  t h i s  the  Cu f e r t i l i s e r  d id  g ive  up t o  2 
y e a rs  p r o t e c t i o n  wh ich  i s  much l o n g e r  than  t h a t  p r o v id e d  by o r a l  
a d m in is t ra t i o n  o f  Cu needles.
CHAPTER I .  INTRODUCTION
Copper (Cu) 1s an e s s e n t ia l  n u t r i e n t  f o r  the growth o f  both p lan ts  and 
an imals.  Al though Cu d e f i c i e n c y  has been recognised as a n u t r i t i o n a l  
d i s o rd e r  in animals,  e s p e c ia l l y  ruminants,  f o r  over  50 years  i t  s t i l l  
con t inues  t o  cause problems throughout  Great B r i t a i n  (Purves and Ragg, 
1962; Re i th ,  1975; S .A.C. ,  1982) and many o the r  p a r ts  o f  the  world 
(see review by G a r t r e l l ,  1981).  Losses a t t r i b u t a b l e  t o  Cu d e f i c ie n c y  
in ruminants are now recognised in v i r t u a l l y  a l l  c o u n t r i e s  in which 
t h e  p o s s i b i l i t y  has been i n v e s t i g a t e d .  D e s p i t e  t h e  f a c t  t h a t  no 
r e l i a b l e  e s t im a t e s  o f  t h e  e x t e n t  o f  i t s  i n c i d e n c e  o r  economic 
s ig n i f i c a n c e  are a v a i l a b le  f o r  any o f  these c o u n t r ie s  i t  is  ev iden t  
t h a t  i t s  impact ranges from s i t u a t i o n s  in which l i v e s t o c k  product ion 
over  ex tens ive geographical  areas i s  impossible unless d e f i c i e n c y  i s  
r e c t i f i e d  t o  s t r i c t l y  l o c a l  p rob lems which may be accompanied by 
c l i n i c a l  s igns o f  d e f i c i e n c y  o r  merely by sub-opt imal performance.
Copper  has a number o f  im p o r t a n t  b io c h e m ic a l  f u n c t i o n s  in  t h e  
ruminan t.  These are r e f l e c te d  by the  var ious m a n i fe s ta t io n s  o f  Cu 
d e f i c i e n c y .  The c la s s i c  symptoms o f  Cu d e f i c ie n c y  in sheep are wel l  
documented and i n c l u d e ;  anaemia, bone d i s o r d e r s ,  n e o n a ta l  a t a x i a  
(swayback),  loss  o f  wool p igmentat ion and d e fe c t iv e  k é r a t i n i s a t i o n  o f  
wool (Underwood, 1981). Copper d e f i c ie n c y  occurs when the  graz ing 
an ima l does no t  absorb  enough d i e t a r y  Cu t o  meet i t s  m e t a b o l i c
requ irements.  A number o f  fa c to rs  may l i m i t  the na tu ra l  a v a i l a b i l i t y
o f  Cu t o  t h e  an ima l and t h u s  lead t o  t h e  e s t a b l i s h m e n t  o f  t h e  
d e f i c i e n t  s t a te .  In many cases, because o f  the  p a r t i c u l a r  geo log ica l
f e a t u r e s  o f  t h e  la n d ,  t h e  s o i l  and t h u s  th e  herbage on i t  a re
i n h e r e n t l y  low 1n Cu and t h i s  le a d s  t o  Cu d e f i c i e n c y  in  g r a z in g  
l i v e s t o c k .  In B r i t a i n  Cu d e f i c ie n c y  is  p a r t i c u l a r l y  assoc ia ted w i th  
s o i l s  der ived from sandstone, l imestone and g r a n i te  o r  from d r i f t s  
der ived from these rock types ( T i l l s  and A l loway, 1981; Reaves and 
Berrow, 1984; Archer and Hodgson, 1987).
In  a d d i t io n  Cu d e f i c i e n c y  can occur on s o i l s  o f  moderate o r  high Cu 
con ten t  but where most o f  the  Cu is  in forms una va i lab le  t o  the  p la n t ,  
u s u a l l y  a s s o c ia t e d  w i t h  o r g a n i c  m ac rom o lecu les  ( C a l d w e l l ,  1971; 
G a r t r e l l ,  1981).
In graz ing sheep absorp t ion  o f  Cu from herbage is  dependent upon the 
herbage molybdenum (Mo) and sulphur  (S) conce n t ra t io n  (Grace, 1983). 
High Mo and S conce n t ra t io ns  in herbage reduce the  a v a i l a b i l i t y  o f  Cu 
t o  sheep and cause d e f i c i e n c y .  Thus Cu d e f i c i e n c y  in sheep can also 
occur in areas w i th  no inherent  Cu d e f i c i e n c y  in the  s o i l  o r  herbage 
through the  a n ta g o n is t i c  e f f e c t s  o f  Mo and S. Copper absorp t ion  can 
also  be i n h ib i t e d  by the  a n ta g o n is t i c  e f f e c t s  o f  cadmium, i ron  and 
s o i l  in ges t ion  ( M i l l s  e t  a l ,  1972; Campbell e t  a l ,  1974; S u t t l e  e t  a l ,  
1975).
Copper d e f i c i e n c y  may a lso  a r i s e  sec o n d a r i l y ,  o f te n  in areas w i th  no 
n a t u r a l l y  oc c u r r in g  Cu d e f i c i e n c y ,  through the  e f f e c t s  o f  improving 
h i l l  pas ture (Evans, 1983). Pasture improvements lead t o  increased 
herbage product ion  which can depress herbage Cu c onc e n t ra t io ns  through 
a d i l u t i o n  e f f e c t .  In a d d i t io n  i t  can also increase the  Mo and S 
concen t ra t ions  o f  herbage, which when presen t in s i g n i f i c a n t  amounts 
cause Cu d e f i c i e n c y .  I t  i s  g e n e ra l l y  though t  in Scot land t h a t  losses 
f rom swayback have in c re a s e d  m a in l y  due t o  t h e  i n t r o d u c t i o n  o f
measures t o  increase th e  f e r t i l i t y  and p r o d u c t i v i t y  o f  land (S .A .C. ,  
1982).
As w i t h  a l l  t r a c e  e le m e n t  d e f i c i e n c i e s  Cu d e f i c i e n c y  more o f t e n  
man ifes ts  i t s e l f  in c o v e r t  or  s u b c l i n i c a l  forms such as i l l t h r i f t  and 
low p roduc t ion .  There fo re  unless a prev ious h i s t o r y  o f  Cu d e f i c ie n c y  
such as swayback in lambs leads to  the  in t r o d u c t io n  o f  some form o f  Cu 
supplementat ion and improves the  general c o n d i t io n  o f  the  animal the 
s i t u a t i o n  w i l l  go u n n o t i c e d .  Thus th e  t o t a l  i n c id e n c e  o f  Cu 
d e f i c ie n c y  is  unknown and i t  is  d i f f i c u l t  t o  determine actual  numbers 
o f  ruminants a f fe c te d .
A number o f  methods have been made a v a i la b le  t o  the  farming community 
f o r  the  t rea tment  o r  p reven t ion  o f  Cu d e f i c ie n c y  in ruminan ts .  The 
main methods o f  t r e a t m e n t  i n c l u d e  a p p l i c a t i o n  o f  Cu compounds t o  
pas ture ,  p rov is ion  o f  s a l t  l i c k s ,  Cu i n j e c t i o n s ,  a d d i t io n  o f  Cu to  
d r in k in g  water and o ra l  a d m in is t ra t i o n  o f  CuSO^ o f  Cu needles.  Each 
method has i t s  l i m i t a t i o n s  and has met w i t h  v a r y i n g  degrees  o f  
success.
A w id e  v a r i e t y  o f  Cu s o u r c e s  have been e v a l u a t e d  f o r  t h e i r  
e f fe c t i v e n e s s  as f e r t i l i s e r s  f o r  the c o r re c t i o n  o f  Cu d e f i c i e n c y .  
They work e i t h e r  by inc reas ing  the  concen t ra t ion  o f  p la n t  a v a i l a b le  Cu 
in the  s o i l  o r  by supp ly ing  Cu d i r e c t l y  t o  the  p la n t  f o l i a g e .  The 
a p p l i c a t i o n  o f  Cu c o n t a i n i n g  f e r t i l i s e r s  has been shown t o  be an 
e f f e c t i v e  method o f  c o r r e c t i n g  Cu d e f i c ie n c y  in p la n ts ,  e s p e c ia l l y  
cerea l  crops (Graham and Nambier, 1981; Al loway and T i l l s ,  1984). 
However, p a s tu r e  t r e a t m e n t  t o  p r e v e n t  Cu d e f i c i e n c y  in  g r a z in g  
l i v e s to c k  has had o n ly  l i m i t e d  success t o  date .  Broadcast ing o f  CuSO^
has been t h e  m os t  f r e q u e n t l y  t r i e d  m e th o d ,  due t o  i t s  w a t e r  
s o l u b i l i t y ,  r e l a t i v e l y  low cos t  and wide a v a i l a b i l i t y ;  however, Cu 
app l ied  in t h i s  form is  u s u a l l y  r a p id l y  immobi l ised in the s o i l  and 
made p la n t  u n a v a i la b le .  As a r e s u l t  the small increases in herbage Cu 
conc e n t ra t io n s  obtained are u s u a l l y  o f  i n s i g n i f i c a n t  value t o  the  
g raz ing  animal (R e i th ,  1975) e s p e c ia l l y  where Cu in take  is  Impaired or  
m e ta b o l is m  reduced by Mo o r  S o r  s o i l  i n g e s t o n .  O the r  p a s tu r e  
t rea tm en ts  have been shown e i t h e r  t o  produce s i m i l a r  r e s u l t s  t o  those 
o f  CuSO^ o r  are too  expensive f o r  the t rea tm en t  o f  la rge  areas. Thus 
s o i l  o r  p a s t u r e  Cu t r e a t m e n t  has no t  been c o n s id e r e d  t o  be a 
p a r t i c u l a r l y  e f f e c t i v e  way o f  overcoming a l i v e s t o c k  d e f i c ie n c y .
In a d d i t io n  t o  pasture t rea tment  a v a r i e t y  o f  d i r e c t  animal t rea tments  
have been used which are admin istered e i t h e r  o r a l l y  or  by i n j e c t i o n .  
However each o f  these methods has i t s  l i m i t a t i o n s .  The p rov is ion  o f  
Cu l i c k s  o r  the  a d d i t io n  o f  Cu to  d r in k in g  water do not guarantee an 
adequate,  o r  even any consumption, o f  Cu by each in d iv id u a l  animal,  
w h i l s t  o ra l  methods such as dosing w i th  CuSO^ s t i l l  have to  overcome 
any e f f e c t s  o f  d i e t a r y  f a c to rs  which modify Cu abso rp t ion .  In theory  
subcutaneous o r  in t ram uscu la r  i n j e c t i o n s  o f  Cu compounds should have 
an advantage when Cu d e f i c ie n c y  i s  caused by an tagon is ts  such as Mo 
and S. However they on ly  p rov ide s ho r t  term supplementation as the 
amount which can be admin is tered in a s in g le  dose i s  l im i te d  due t o  
problems o f  poss ib le  acute systemic t o x i c i t y  and lo c a l i s e d  carcass 
damage ( S . A . C . ,  1982 ) .  Thus t h e i r  drawback i s  t h a t  repea ted
i n j e c t i o n s  are necessary t o  maintain normal plasma Cu concen t ra t ions .  
T h i s  c r e a t e s  a l o t  o f  e x t r a  work f o r  t h e  fa rm e r  i n v o l v e d .  A 
r e l a t i v e l y  new method f o r  the  prevent ion o f  Cu d e f i c ie n c y  is  the  o ra l
a d m in is t ra t i o n  o f  copper ox ide needles.  The needles lodge In the 
ruminant abomasum and the  Cu is  s low ly  released over  2 t o  3 months. 
The method has been s u c c e s s fu l l y  tested in sheep (Whitelaw e t  a l ,  
1980; S u t t l e ,  1981a ) .  T h i s  r e q u i r e s  o n l y  a m in im a l  amount o f  
c o l l e c t i o n  and handl ing w h i l s t  supp ly ing  Cu over  a s u b s ta n t ia l  per iod 
o f  t im e .  However i t  s t i l l  does not overcome th e  problem o f  d i e ta r y  
f a c to r s  which may modify Cu absorp t ion .
Thus ev e ry  method used t o  p re v e n t  Cu d e f i c i e n c y  t o  d a te  has i t s  
l i m i t a t i o n s .  D i r e c t  t rea tm en t  o f  the animal is  demanding in terms o f  
t im e and cos t  whereas pasture t rea tment  i s  e i t h e r  expensive o r  the  
herbage Cu conce n t ra t io n  increases obtained are i n s u f f i c i e n t  and too 
s h o r t  l i v e d  t o  be o f  s i g n i f i c a n t  value to  the  graz ing animal.  Thus 
th e  c h o i c e  o f  method used w i l l  depend on t h e  system o f  an imal 
husbandry p ra c t i s e d ,  the  s e v e r i t y  o f  the Cu d e f i c i e n c y  experienced and 
on the i n d iv i d u a l  pre ferences o f  the farmer.  I f  herbage Cu s ta tu s  
could be s i g n i f i c a n t l y  increased by a s o i l  app l ied product  which is  
inexpensive and has long term res idua l  e f f e c t s  then several  o f  todays 
problems would be overcome.
The o b je c t i v e  o f  t h i s  p r o je c t  was t o  evaluate the  p o te n t ia l  o f  a new 
Cu con ta in ing  m a te r i a l ,  as a slow release t r a c e  element f e r t i l i s e r ,  
f o r  the  p reven t ion  o f  Cu d e f i c ie n c y  in sheep. The m a te r i a l ,  h e re a f te r  
known as the  Cu f e r t i l i s e r ,  i s  an unref ined and unprocessed by -produc t  
o f  the brass manufactur ing  in dus t ry  which may have p ro p e r t ie s  t h a t  
make i t  s u i t a b l e  f o r  use as a Cu source and i s  n o t  a s p e c i a l l y  
formulated f e r t i l i s e r .  A wide ranging i n v e s t i g a t io n  was c a r r ie d  ou t  
t o  f o l l o w  the  e f f e c t s  o f  the  Cu f e r t i l i s e r  from the  s o i l  through the  
p la n t  t o  the an imal.  The work included study o f :
(a) The f e r t i l i s e r  chem ica l  c o m p o s i t i o n ,  s o l u b i l i t y  and r a t e  o f  
re lease o f  Cu.
(b) The e f f e c t s  o f  d i f f e r e n t  a p p l i c a t i o n  methods and rates on the  
supply o f  Cu from the f e r t i l i s e r  t o  herbage.
(c)  The s o i l  f a c to r s  which a f f e c t  the  a v a i l a b i l i t y  o f  Cu in s o i l s  
t re a te d  w i th  the Cu f e r t i l i s e r ,
(d) The res idua l  value o f  the  Cu f e r t i l i s e r  f o r  supply ing Cu to  the  
p la n t  and animal.
(e) The comparat ive response o f  sheep graz ing pas ture n a t u r a l l y  low 
in Cu w i th  t h a t  o f  sheep g raz ing  comparable pasture  t rea ted  w i th  
the Cu f e r t i l i s e r .
As no p r e v io u s  s t u d i e s  had been c a r r i e d  o u t  on t h e  m a t e r i a l  t h e  
p r o je c t  should i d e a l l y  have s ta r te d  w i th  the la b o ra to ry  and glasshouse 
s tu d ie s .  However i f  the Cu f e r t i l i s e r  was to  be o f  any value i t  had 
t o  show a r e s i d u a l  v a l u e ,  i . e .  i t  must c o n t i n u e  t o  p re v e n t  Cu 
d e f i c i e n c y  in sheep, f o r  over two years .  There fore  i t  was impor tant  
t o  begin long term f i e l d  t r i a l s  as soon as poss ib le  so as t o  f i t  
w i t h i n  the t ime c o n s t ra in ts  imposed by a post -g raduate  scho la rsh ip .
CHAPTER 2 . COPPER IN SOILS, PLANTS AW ANIMALS WITH 
PARTICULAR REFERENCE TO PROBLEMS OF COPPER DEFICIENCY
2 .1  SOIL COPPER
2 .1 .1  Copper Content o f Soils
The Cu content  o f  a s o i l  i s  determined p r i n c i p a l l y  by the  l i t h o l o g y  o f
i t s  parent  m a te r i a l .  The average Cu con ten t  o f  rocks i s  70 mg/kg but 
Cu i s  one o f  the  few metals t o  have g en e ra l l y  a lower concen t ra t ion  in 
the  s o i l  than in  the  parent  m a te r ia l  from which i t  i s  formed, s o i l s
having an average Cu con ten t  o f  20 mg/kg (Hodgson, 1963). However s o i l
Cu contents  can range from 2-100 mg/kg (Swaine, 1955).
In igneous rocks Cu can occur as the n a t iv e  metal (Cu) but more
f r e q u e n t l y  e x i s t s  as s u lp h id e s  such as c h a l c o l i t e  (CuS ) 2  and 
c h a l c o p y r i t e  (CuPeS) 2 # i t  a l s o  c o n c e n t r a t e s  in  f e r ro m a g n e s ia n  
s i l i c a t e s  (K raus top f ,  1972),  Copper i s ,  t h e r e fo r e ,  more abundant in 
the  su lph ide  r i c h  b a s a l t i c  rocks than in g r a n i t i c  rocks (Table 2 . 1 ) .
Sedimentary rocks tend t o  have a lower Cu con ten t  than b a s a l t i c  rocks
as t h e y  have been s t r o n g l y  weathered in  r e c e n t  g e o l o g i c a l  t im e s .  
S o i l s  w i th  low t o t a l  Cu contents  tend,  t h e r e fo re ,  t o  be formed from 
sandstone, l imestone and g ra n i te  o r  from d r i f t s  der ived p r i n c i p a l l y  
from these rock t ypes .
Anthropogenic c o n t r i b u t i o n s  such as environmental p o l l u t i o n  and d i r e c t  
a p p l i c a t i o n  o f  o rgan ic  waste products ,  e .g .  sewage sludge and p ig  
s l u r r y  tend t o  r a i s e  Cu l e v e ls .  However, these are very l o c a l i s e d  
e f f e c t s .
Table 2 .1
Average copper content In s o ils  and rock 
(from Hodgson, 1963 and Knezek and E l l is ,  1980)
Average Cu (mg/kg)
Earths Crust 70
B a s a l t i c Rocks 100
Gran i t i c Rocks 10
Sedimentary Rocks 23
( i ) Limestone 4
( i  1 ) Sandstone 30
( i i 1 ) Shale 45
Soi l 20
Another f a c to r  which a f f e c t s  the  Cu con ten t  o f  s o i l s  i s  t h e i r  age. 
Older  s o i l s  are more weathered and as such tend t o  have lower Cu 
l e v e l s  due t o  leach ing .
The s o i l s  o f  G rea t  B r i t a i n  a re  r e l a t i v e l y  young,  hav ing  l a r g e l y  
developed on ly  in the l a s t  12,000 years;  th e re fo re  s o i l  Cu le v e ls  are 
very  c lo s e ly  re la ted  t o  those o f  the  parent  m a te r ia ls .  The com p lex i ty  
o f  the  geology has resu l ted  in s o i l  parent  m a te r ia ls  w i th  very va r ied  
t r a c e  element con ten ts  and the re  i s  a wide range o f  Cu le v e ls  in 
B r i t i s h  s o i l s  ( M i t c h e l l ,  1 9 7 4 ) .  I n  S c o t l a n d  t h e  t o t a l  Cu 
concen t ra t ion  o f  s o i l s  has been measured by Reaves and Barrow (1984),  
who g ive  an average value o f  10 mg/kg and a range o f  0.93 t o  100 
mg/kg. Areas o f  g r a n i t e  and sandstone had the  lowest l e v e ls  o f  Cu in 
the  s o i l .  S i m i l a r l y  in  England, Archer and Hodgson (1987) found the  
lowest  concen t ra t ion  o f  Cu in s o i l s  der ived from sandstone, but  low
l e v e ls  were also found In those on c ha lk ,  l imestone and g la c ia l  sand 
parent  m a te r ia ls .  They g ive  a range o f  1.8 t o  215 mg/kg f o r  t o t a l  
s o i l  Cu con ten t  w i th  an average o f  18.4 mg/kg. The h ighest  values 
occurred in mining areas and in  a l l u v i a l  s o i l s .
2 .1 .2  Forms o f Copper in the Soil
Copper  e x i s t s  in many forms in  t h e  s o i l ,  most o f  which are n o t  
a v a i l a b le  t o  the p la n t .  There fore ,  the  t o t a l  Cu con ten t  i s  a poor 
i n d i c a t o r  o f  Cu a v a i l a b i l i t y  t o  p l a n t s  and a n i m a l s .  I n  a 
comprehensive study McLaren and Crawford (1973a) d i s t ingu is hed  f i v e  
f r a c t i o n s  o r  pools o f  s o i l  Cu:
(a) So i l  s o lu t i o n  and exchangeable copper .
(b) Copper bound t o  s p e c i f i c  s i t e s  on s o i l  m ine ra ls .
(c)  O rga n ic a l ly  bound copper,
(d) Copper occluded by metal ox ides .
(e) Residual copper (mainly  in c la y  l a t t i c e  s t r u c t u r e s ) .
Only s o i l  s o lu t i o n  Cu, compr is ing  f r e e  ions and so lub le  complexes i s  
immediate ly a v a i l a b le  f o r  p la n t  uptake. The remaining pools o f  Cu 
can, t h e r e fo re ,  be c l a s s i f i e d  as e i t h e r  l a b i l e  ( p o t e n t i a l l y  a v a i la b le )  
o r  n o n - l a b i l e  (no t  r e a d i l y  a v a i l a b l e ) .
(a ) Soil solution and exchangeable copper
The Cu concen t ra t ion  o f  the  s o i l  s o l u t i o n  i s  u s u a l l y  very low (1 x 
t o  1 X 10“® mg/1) represen t ing  less  than 0.1% o f  the t o t a l  s o i l  
Cu (Hodgson e t  a l ,  1965; McBride and B las ia k ,  1979). In the s o i l  
s o lu t i o n  more Cu is  complexed t o  s o lu b le  organ ic  matte r  than occurs as 
f r e e  Cu^^ ions.  The m a jo r i t y  o f  these Cu complexes are w i th  s imple
a l i p h a t i c  a c i d s ,  amino a c i d s  and a r o m a t i c  a c id s  (S tevenson  and 
Ardakan i ,  1972).  Hodgson e t  al  (1966) suggested t h a t  more than 98% o f  
s o i l  s o lu t i o n  Cu can e x i s t  in these complexed forms. However p la n ts  
take  up f ree  Cu^^ ions and w h i le  i t  seems l i k e l y  t h a t  Cu^^ d i s s o c ia te s  
i t s e l f  from these complexes p r i o r  t o  uptake t h i s  i s  not c e r t a i n .
The amount o f  f ree  Cu^ "** ions presen t in the s o i l  s o lu t i o n  is  a lso
a f fe c te d  by the s o i l  pH and Eh. The s o l u b i l i t y  o f  Cu^^ is  a t  a
minimum near pH 7 and increases e i t h e r  s ide  o f  t h i s  (McBride, 1981).
A combinat ion o f  low pH and Eh (<0.2)  w i l l  keep the  m a jo r i t y  o f
uncomplexed Cu as Cu^^ (Jenk ins  and Jones, 1980).  In a d d i t io n  Cu^^
may r e a c t  w i t h  c a r b o n a te s ,  phosphates  and c h l o r i d e s  in  t h e  s o i l
s o l u t i o n  (Mann and D e u ts c h e r ,  1977 ) ;  however t h e  im po r tance  o r
i n f l u e n c e  o f  these t o  p la n t  a v a i l a b i l i t y  are unknown. Thus even the
2+small  amount o f  Cu , no t  o r g a n i c a l l y  complexed in the s o i l  s o lu t i o n  
can be f u r t h e r  reduced. The e f f e c t s  o f  t h i s  on p la n t  a v a i l a b i l i t y  o f  
s o i l  s o l u t i o n  Cu are  unknown b u t  i t  i s  most p ro b a b le  t h a t  th e s e  
re a c t io n s  w i l l  reduce the  amount o f  a v a i l a b le  Cu in a s o i l .
The concen t ra t ion  o f  Cu in the  s o lu t i o n  is  too low f o r  i t  t o  be 
c o n t r o l l e d  by the  s o l u b i l i t y  o f  the  Cu m inera ls  found in  s o i l .  I t  is  
t h e r e fo r e  probably  c o n t r o l l e d  by sur face reac t ions  w i th  s o i l  m inera ls  
and organ ic  mat te r .
Exchangeable Cu i s  held pu re ly  by e l e c t r o s t a t i c  fo rces  on the  s o i l  
c a t io n  exchange s i t e s  (McBride, 1981). These adsorp t ion s i t e s  are 
l a r g e l y  non s p e c i f i c  and the  Cu here i s  in d i r e c t  e q u i l i b r i u m  w i th  the 
s o i l  s o l u t i o n .  As such i t  i s  a source o f  d i r e c t l y  a v a i l a b le  p la n t  Cu. 
The exchangeable Cu represents  less  than 10% o f  the  t o t a l  Cu in most
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s o i l s  (McLaren and Crawford,  1974), The bu lk  o f  s o i l  Cu i s  held by 
o t h e r  means, such as s p e c i f i c  a d s o r p t i o n  t o  m in e ra l  s u r f a c e s  and 
complexed t o  o rgan ic  m a t te r .
(b ) Copper bound to  s p e c ific  s ite s  on s o il minerals
Copper i s  s p e c i f i c a l l y  adsorbed by la y e r  s i l i c a t e  c lays  and i r o n ,
aluminium and manganese oxides (McBride, 1981). I t  has been shown
t h a t  d es p i te  the  presence o f  excess e l e c t r o s t a t i c a l l y  bonded ca t ions
t h a t  were c a p a b le  o f  p r e v e n t i n g  Cu a d s o r p t i o n  by s im p le  ion 
7+exchange, Cu could be s p e c i f i c a l l y  adsorbed by amorphous i ron  and 
aluminium hydroxides (K inniburgh e t  a l ,  1976; Forbes e t a l ,  1976).  
Once s p e c i f i c a l l y  adsorbed, Cu i s  o n ly  very s low ly  released in to  the 
s o i l  s o l u t i o n  (McLaren e t a l ,  1983).  However, the  Cu i s  p o t e n t i a l l y  
a v a i l a b le  f o r  p la n t  uptake and as such c o n t r i b u te s  t o  the  l a b i l e  pool 
o f  s o i l  Cu. The mechanism o f  adsorp t ion c a l l e d  chemisorp t ion,  u n l i k e  
the  loose e l e c t r o s t a t i c  assoc ia t ion  observed w i th  the  exchangeable Cu, 
is  though t  t o  in vo lve  the  format ion o f  a d i r e c t  sur face Al-O-Cu o r  Fe- 
0-Cu bond ( M c B r id e ,  1978a) .  As t h e  r e a c t i o n  i s  m a in l y  w i t h  t h e  
hydroxyl  groups, chemisorp t ion  is  l i k e l y  t o  occur  a t  sur face edges, 
where such g roups  e x i s t .  Hence t h e  maximum p o t e n t i a l  l e v e l  o f  
c h e m is o r p t i o n  may be de te rm ined  by t h e  q u a n t i t y  o f  f r e e  s u r f a c e  
hydroxyl  groups. In genera l ,  m i c r o - c r y s t a l l i n e  and amorphous oxides 
should bind more Cu^^ per u n i t  weight than c r y s t a l l i n e  oxides as they  
have a l a rg e r  sur face area. I ron  oxides in some s o i l s  have p a r t i c l e  
s izes  o f  lOOA o r  less  (Bigham e t a i ,  1978).  There fore  i t  is  probable 
t h a t  r e l a t i v e l y  sm a l l  amounts o f  Fe o r  A1 o x id e s  w i l l  have a 
d i s p ro p o r t i o n a te  e f f e c t  on Cu^^ adsorp t ion  due t o  t h e i r  la rge  sur face 
area when compared w i th  l a y e r  s i l i c a t e  c la y  such as m o r tm o r i Io n i te
11
which have p a r t i c l e  s izes o f  over  200A.
2+Manganese ox ides l i k e  those o f  Fe and A1 s p e c i f i c a l l y  adsorb Cu in 
the  s o i l ,  the le ve l  o f  adso rp t ion  inc reas ing  as s o i l  pH increases 
(Murray,  1975), The a f f i n i t y  o f  s y n th e t i c  Mn oxides f o r  Cu^^ i s  even 
s t ro n g e r  than t h a t  o f  Fe o r  A1 oxides (McKenzie, 1980), Al though 
s y n t h e t i c  Mn oxides may be q u i t e  d i f f e r e n t  from Mn oxides in s o i l s ,  a 
c o r r e l a t i o n  has been demonstrated between the amount o f  s p e c i f i c a l l y  
adsorbed Cu^^ in s o i l s  and t h e i r  f re e  manganese oxide con ten t  (McLaren 
and Crawford,  1973b). There fo re  chemisorp t ion  o f  Cu to  Mn oxides is  
an im por tan t  process d e s p i te  the  presence o f  g rea te r  q u a n t i t i e s  o f  Fe 
and A1 oxides in s o i l  (McBride, 1981).
Most o f  the above s tud ies  have been c a r r ie d  out using Cu^^ r a th e r  than 
the  more abundant an ion ic  complexes o f  Cu w i th  organ ic  l igands  which 
are found in the s o i l  s o l u t i o n .  However, l i t t l e  is  known o f  the  ro le  
o f  such complexes in the  adso rp t ion  o f  Cu in s o i l s .  Some o rgan ic  
compounds may be s t ro n g ly  adsorbed on mineral  sur faces ,  o the rs  not a t  
a l l .  S i m i l a r l y  l i t t l e  a t t e n t i o n  has been paid t o  s tudy ing the  ra tes  
o f  adsorp t ion  and desorp t ion  o f  Cu in t h i s  f r a c t i o n  o f  the s o i l .  The 
r a te  a t  which Cu reacts  cou ld  be impor tant  in determin ing the  long 
term e f fe c t i v e n e s s  o f  Cu f e r t i l i s e r s ,  w h i le  the ra te  o f  desorp t ion  o f  
Cu back i n to  the  s o i l  cou ld  be impor tan t  in determin ing the  supply  o f  
Cu t o  p la n ts .  Thus the  f u l l  p i c t u r e  o f  Cu adsorp t ion i s  not ye t  
c l e a r .
(c ) O rgan ically  bound copper
Complexat ion o f  Cu by o rgan ic  m a t te r  has long been recognised as the  
most im p o r t a n t  method o f  Cu r e t e n t i o n  in  t h e  m a j o r i t y  o f  s o i l s .
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O rg a n ic  c o n s t i t u e n t s  in  s o i l  may fo rm  bo th  s o l u b l e  and i n s o l u b l e  
complexes w i th  Cu (McBride, 1981). The p ropo r t ion  o f  Cu in  such 
complexes is  est imated to  be from a f i f t h  t o  one h a l f  o f  the t o t a l  
s o i l  Cu al though le v e ls  can be much h igher  in peat s o i l s  (Stevenson 
and F i t c h ,  1981).
The Cu is  d i r e c t l y  bonded to  two o r  more organ ic  f unc t iona l  groups 
( c a r b o x y l i c ,  carbonyl  o r  phenol ic  groups) so t h a t  i t  is  immobi l ised in 
a r i g i d  inner sphere complex (McBride, 1978). In peaty s o i l s  the re  
are la rge  numbers o f  porphyr in  r ings  which are capable o f  forming Cu 
complexes  o f  e x c e p t i o n a l l y  h igh  s t a b i l i t y  (Goodman and C h e s h i re ,  
1976).
2+A wide v a r i e t y  o f  compounds are involved in  Cu complexat ion.  These 
in c lude  simple a l i p h a t i c  ac ids ,  amino ac ids ,  phenol ic  ac ids ,  humic 
ac ids  and f u l v i c  acid (Stevenson and Ardakani ,  1972).  However, l i t t l e  
data i s  a v a i la b le  on the q u a n t i t i v e  relevance o f  these complexes o r  on 
t h e  f a c t o r s  a f f e c t i n g  t h e  a v a i l a b i l i t y  o f  t h e i r  Cu t o  p l a n t s .  
Abundant evidence does e x i s t  f o r  the  key ro le  played by humic and 
f u l v i c  ac ids in Cu^^ complexat ion.
In a review, Stevenson and F i t c h  (1981),  suggest t h a t  f u l v i c  acid 
compounds are impor tant  as the  so lub le  forms o f  organic Cu in the  
s o i l ,  a l t h o u g h  i n c r e a s in g  s a t u r a t i o n  w i t h  Cu w i l l  r e s u l t  in  t h e  
fo rm at ion  o f  an in s o lu b le  complex. Each a d d i t io n  o f  Cu reduces the  
charge on the acid causing the  molecule t o  c o l lap se ,  reducing i t s  
s o l u b i l i t y .  In c o n t ra s t  humic ac ids are impor tant  f o r  the b ind ing  o f  
Cu t o  o rgan ic  matte r  in l a r g e l y  i n s o lu b le  forms. The s t a b i l i t y  o f  the  
Cu-humate complex in c re a s e s  w i t h  an i n c r e a s e  in t h e  degree o f
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h u m i f i c a t i o n .  Stevenson and F i t c h  (1981) then env is ioned a sequence
o f  events,  in which Cu present  In low concen t ra t ion  is  Immobi l ised by
humic acid complexat ion.  When these s i t e s  are sa tu ra ted  an inc reas ing
amount o f  the  Cu w i l l  be s o l u b i l i s e d  through the  inc reas ing  a c t ion  o f
f u l v i c  ac ids .  The im p l i c a t io n s  o f  t h i s  are t h a t  s o i l  s o l u t i o n  Cu
concen t ra t ions  are reduced by the  format ion o f  in s o lu b le  humic ac ids
com p lexes .  I f  excess  Cu^^ i s  p r e s e n t  c o m p le x a t io n  w i l l  s e rv e  t o  
2+main ta in  Cu conce n t ra t io n  a t  less  than phy to tox ic  l e v e l s .  F i n a l l y
2+under c o n d i t io n s  where Cu may p r e c ip i t a t e  ou t  o f  the  s o i l  s o l u t i o n  
(e .g .  ca lcareous s o i l s )  complexat ion w i l l  serve t o  main ta in  Cu in a 
s o lub le  form.
Organic mat ter  complexat ion prov ides s p e c i f i c  s i t e s  f o r  r e ta in i n g  Cu^^ 
in a l a r g e l y  non exchangeable form (McBride, 1981). The Cu held on 
humus macro molecules i s  very  s tab le  and is  re ta ined  in a n o n - l a b i l e  
form.
However, o r g a n i c a l l y  bound o r  chelated Cu^^ i s  probably  the  la r g e s t  
c o n t r i b u t o r  t o  t h e  excha ngea b le  and s o i l  s o l u t i o n  Cu f r a c t i o n s  
(McLaren and Crawford,  1974; K l i n e  and Ruse, 1966). Thus, except f o r  
peat o r  peaty s o i l s ,  o rgan ic  s o l i d s  serve the fu n c t io n  o f  ho ld ing  the  
m a j o r i t y  o f  c o m p le x e d  Cu in  a k i n e t i c a l l y  a v a i l a b l e  b u t  
thermodynamical ly s t a b le  ( i n s o lu b le )  form.
(d) Copper occluded by metal oxides
Chemical f r a c t i o n a t i o n  schemes show th a t  a f t e r  removal o f  exchangeable 
and o r g a n i c a l l y  complexed Cu, a s i g n i f i c a n t  amount o f  the  t o t a l  Cu 
con ten t  o f ten  remains (Shuman, 1979). As c o p r e c i p i t a t i o n  o f  Cu^^ in 
A1 and Fe h y d ro x id e s  o c c u r s  r e a d i l y  d u r in g  pedogenes is  (M c B r id e ,
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1978a) i t  Is l i k e l y  t h a t  a f r a c t i o n  o f  s o i l  Cu may be " b u r ie d ”  o r  
occluded in var ious  mineral  s t r u c t u r e s .  S u b s t i tu t i o n  f o r  Fe®^ o r  Al®* 
by Cu^^ r e s u l t s  in a p o s i t i v e  charge d e f i c i t  which must be balanced by 
a s t r u c t u r a l  de fec t  or  an adsorbed c a t ion  thus f u r t h e r  bury ing  Cu.
Occluded Cu e x i s t s  in  a l a r g e l y  n o n - d i f f u s a b l e  fo rm  (McLaren and 
C r a w fo r d ,  1973b ) .  T h e r e f o r e  i t  w i l l  o n l y  be r e le a s e d  t h r o u g h  
weather ing o f  the  s o i l  m ine ra ls ;  as such Cu held here w i l l  be in a non 
l a b i l e ,  p la n t  unava i lab le  form.
(e ) Residual copper (m ainly In c lay  la t t ic e  structures)
D is s o lu t i o n  o f  s o i l  c la y  l a t t i c e  s t ru c tu re s  by s t rong  acids o f te n  
re leases a s i g n i f i c a n t  amount o f  Cu (McLaren and Crawford,  1973a; 
Shuman, 1979).  This can account f o r  over 50% o f  the  t o t a l  s o i l  Cu 
c on te n t ,  e s p e c ia l l y  in s o i l s  low in organ ic  matte r  o r  from hor izons 
lo w e r  down in  t h e  p r o f i l e .  T h i s  Cu o r i g i n a t e d  f rom  isomorphous 
s u b s t i t u t i o n  o f  Al®^ o r  S i^^  by Cu^^ in the oc tahedra l  p o s i t i o n s  in 
la y e r  s i l i c a t e  c la y s .  These are secondary mineral  c r y s t a l s  and once 
formed are very s ta b le .  The Cu here is  non l a b i l e  and w i l l  on ly  be 
released through weather ing.
( f )  Im p lications fo r p lan t a v a i la b i l i t y
Only s o i l  s o lu t i o n  Cu i s  immediately a v a i la b le  f o r  p la n t  uptake, but
even here on ly  a small amount i s  in the p la n t  a v a i l a b le  f re e  i o n ic
Cu^^ form. Most s o i l  s o lu t i o n  Cu e x i s t s  as so lub le  o rgan ic  complexes
which are thought  t o  release Cu^^ by d i s s o c ia t i o n  p r i o r  t o  up take.
The concen t ra t ion  o f  Cu in the  s o i l  s o lu t i o n  is  p r im a r i l y  c o n t r o l l e d  
by the  o r g a n i c a l l y  complexed and s p e c i f i c a l l y  adsorbed copper as the  
amount o f  exchangeable Cu i s  very low and the s o i l  s o lu t i o n  Cu con ten t
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i s  too  low t o  be c o n t r o l l e d  by the s o l u b i l i t y  o f  Cu m inera ls .  The 
p l a n t  a v a i l a b l e  Cu i s  in  e q u i l i b r i u m  w i t h  t h e  l a b i l e  poo l  wh ich 
comprises the s p e c i f i c a l l y  adsorbed Cu and o r g a n i c a l l y  bound Cu (F ig .  
2 . 1 ) ,  th e  l a t t e r  f o rm in g  t h e  g r e a t e r  p r o p o r t i o n .  However, no 
d i s t i n c t i o n  can be dem on s t ra te d  between t h e  c o n t r i b u t i o n  made by 
s p e c i f i c a l l y  adsorbed Cu and o r g a n i c a l l y  bound Cu t o  the maintenance 
o f  the  p lan t  a v a i l a b le  copper pool (McLaren and Crawford,  1973a and 
b ) .
Figure 2 .1
Equilibrium  between p lan t a v a ila b le  Cu and the la b i le  pool o f Cu
O rg a n ic a l l y  bound copper
P lan t  a v a i la b le  copper
S p e c i f i c a l l y  adsorbed copper
In  summary t h e  l a b i l e  p o o ls  o f  Cu com pr ise  t h e  m a jo r  s i t e s  o f  
a d s o r p t i o n ,  e s p e c i a l l y  t h e  o r g a n i c  and m in e r a l  c a t i o n  exchange 
complexes and hydrous oxides or  Mn, Fe and A1. The adsorp t ion  and 
desorp t ion  o f  Cu from the  s i t e s  c o n t ro ls  the  conce n t ra t io n  o f  Cu in 
the  s o i l  s o lu t i o n  and hence p la n t  a v a i l a b i l i t y .
The n o n - l a b i l e  ( p la n t  u n a va i lab le )  forms o f  Cu are ions in pr imary and 
secondary minera l  c r y s t a l s ,  i . e .  occluded and res idua l  Cu, and s ta b le  
o r g a n i c  complexes o f  Cu on humus m a c ro -m o le c u le s .  These are  t h e  
p r i n c i p l e  slow release re s e rv o i r s  o f  Cu in  the  s o i l ;  the  Cu held in 
t hem  i s  o n l y  r e l e a s e d  t h r o u g h  w e a t h e r i n g  and s lo w  m i c r o b i a l  
decomposi t ion o f  macro organ ic  complexes. The ra te  o f  re lease is
16
in f luenced by o th e r  f a c to r s  such as pH; under a c i d i c  s o i l  co n d i t io n s  
weather ing is  i n t e n s i f i e d  and che la tes  s t a r t  t o  decompose, thus more 
Cu is  re leased.
2 .1 .3  Estim ation o f  P lan t A vailab le  Copper in S o ils
Soi l  ana lys is  has been w ide ly  used t o  es t imate Cu a v a i l a b i l i t y  t o  
p la n ts .  Much research has concentra ted on dev is ing  s o i l  t e s t s  f o r  
de tec t ing  and con f i rm ing  the  ex is tence  o f  Cu d e f i c i e n c y .  A la rge  and 
d ive rse  number o f  s o i l  Cu t e s t s  have been advocated over  the  years;  
however, due t o  the  d i v e r s i t y  o f  s o i l s  worldwide no p a r t i c u l a r  t e s t  
has achieved un i fo rm re c o g n i t io n  as an index o f  s o i l  Cu s ta tus  (Robson 
and R e u te r ,  1 9 8 1 ) .  In  g e n e r a l ,  t h e  s o i l  Cu e x t r a c t a n t s  used in
d i f f e r e n t  reg ions  and c o u n t r ie s  around the wor ld have been selected 
because t h e y  a re  most a p p r o p r i a t e  f o r  the  l o c a l  s o i l s ,  c rops  and 
e n v i r o n m e n t a l  c o n d i t i o n s .  I n  G r e a t  B r i t a i n  t h e  " l a b i l e "  o r  
" a v a i l a b le "  Cu pool i s  predominant ly  o rg a n ic a l l y  bound, t h e re fo re
e x t r a c t a n t s  c o n t a i n i n g  a c h e l a t i n g  o r  com p le x ing  agen t  have been 
w ide ly  used t o  es t im ate  p la n t  a v a i l a b le  Cu. E x t ra c t io n  o f  s o i l s  w i th  
e th y le n e d ia m in e te t r a -a c e t i c  acid (E .D.T .A .)  has been s u c e s s fu l l y  used 
f o r  t h i s  purpose (Borggard,  1976; Robson and Reuter,  1981; Berrow and 
Reaves, 1985), Good c o r r e l a t i o n s  between E.D.T.A. e x t r a c ta b le  Cu in 
s o i l  and p la n t  uptake in pot experiments have been w ide ly  reported 
(Gien, 1966; Beyers and Hammond, 1971; Dolar e t  a l ,  1971; T i l l s  and
Al loway, 1983b). In a comparison o f  e ig h t  e x t r a c ta n ts .  T i l l s  and
Al loway (1983b) found t h a t  E.D.T.A. gave the best p r e d i c t i o n  o f  p la n t  
Cu uptake. A number o f  o the r  workers have repor ted t h a t  E.D.T.A. 
prov ides  more rep roduc ib le  r e s u l t s  than o ther  e x t r a c ta n ts  f o r  the 
de te rm ina t ion  o f  p la n t  a v a i l a b le  Cu in B r i t i s h  s o i l s  (Henr ikson and
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Jensen, 1958; Davies and C a r l ton -S m i th ,  1983). In a d d i t i o n .  King and 
A l s t o n  ( 1 9 7 5 ) ,  c onc lude d  t h a t  a l t h o u g h  o t h e r  e x t r a c t a n t s  such as 
ca lc ium n i t r a t e  and d le th y le n e t r ia m in e p e n ta -a c e t i c  acid (D .T .P .A . )  
were e qu a l l y  as e f f e c t i v e  as E.D.T.A. f o r  assessing a v a i la b le  s o i l  Cu, 
they found t h a t  the  e x t r a c t i o n  and measurement o f  Cu w i th  E.D.T.A. was 
performed most s im p ly  and accu ra te ly  and recommended i t  f o r  ro u t in e  
s o i l  t e s t i n g .
The E.D.T.A. t e s t  has now superceded the  use o f  d i l u t e  s a l t  and acid 
e x t r a c ta n ts  which were used p re v io u s ly ,  and which are now thought t o  
u n d e r e s t im a te  ( e . g .  Ca (N0g)2)  o r  o v e r e s t im a t e  ( e . g .  HCl ) t h e  
a v a i l a b le  Cu s t a tu s .  Moreover, a c i d i c  so lven ts  remove Cu from pools 
which are not  p la n t  a v a i l a b le  (Martens, 1968), g ive  less  reproduc ib le  
r e s u l t s  (Henr ikson and Jensen, 1958) and are c l e a r l y  unsu i tab le  f o r  
e x t r a c t i n g  calcareous s o i l s .
Other s o i l  Cu e x t ra c ta n ts  c u r r e n t l y  in use throughout  the world are IM 
HCl in France (Jus te  and Solda, 1977),  d i l u t e  HNOg in the Netherlands 
(Weste rhof f ,  1955) and D.T.P.A, in North America (Lindsay and N o rv e l l ,
1978). A l l  are s p e c i f i c  f o r  the  s o i l  types found in t h e i r  respec t ive  
c o u n t r i e s .
2 .1 .4  Diagnosis o f  Copper D e fic ie n t So ils
Using t h e  E . D . T . A .  e x t r a c t i o n  t e c h n iq u e  ( R e i t h ,  1968; Berrow and 
Reaves, 1985) the  S c o t t i s h  A g r i c u l t u r a l  Col leges Adv isory  Service has 
compi led a t a b l e  f o r  the c l a s s i f i c a t i o n  o f  s o i l  copper s ta tus  (Table 
2 . 1 . 2 ) .  A s i m i l a r  E.D.T.A. e x t r a c t i o n  is  used by A.D.A.S. in England 
and Wales.
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Table 2 .1 .2
C la s s ific a tio n  o f s o il copper fo r  s o ils  o f a l l  drainage 
classes containing up to  12% organic m atter
Soil status E xtrac tab le  Cu (mg/kg) P ro b a b ility  defic iency or
to x ic i t y  In crops
Very low 
Low
Moderate
High
Excessive
<1.0 
1 ,0- 1.6 
1.7 -8 .5  
8 .6- 8.0 
>8.0
D e f ic ien c y  probable 
D e f i c ie n c y  poss ib le  
No d e f i c i e n c y  expected 
No d e f i c i e n c y  
T o x i c i t y  may occur
( M . I .S .R . ,  1985)
On s o i l s  c o n t a i n i n g  o v e r  12% o r g a n i c  m a t t e r  t h e  t h r e s h o l d  
c o n c e n t r a t i o n  f o r  p r o b a b le  Cu d e f i c i e n c y  i s  2 .5  mg/kg .  However, 
herbage ana lys is  w i l l  be necessary t o  con f i rm  Cu d e f i c ie n c y  in most 
cases.
2 .1 .5  D is tr ib u tio n  o f Copper In the Soil P ro f i le
Due t o  i t s  s t rong assoc ia t ion  w i th  o rgan ic  mat te r  and metal ox ides , Cu 
i s  one o f  the  l e a s t  mobi le o f  the  t ra c e  elements.  So i l  p r o f i l e s ,  
t h e r e f o r e ,  show l i t t l e  v a r i a t i o n  in  t o t a l  Cu l e v e l s  w i t h  d e p th .  
However,  movement o f  Cu from h i g h l y  leached s u r f a c e  h o r i z o n s  in  
a ssoc ia t ion  w i th  o rgan ic  Fe and A1 complexes have been observed in 
podzols (McBride, 1981), In a d d i t io n  h ig h ly  o rgan ic  sur face hor izons 
o f te n  conta in  h igher  Cu le v e ls  due t o  the accumulat ion o f  Cu in the 
residues  o f  p la n t  t i s s u e s .
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However, the  d i s t r i b u t i o n  o f  p la n t  a v a i l a b le  Cu as a fu n c t io n  o f  depth 
i s  o f  more i n t e r e s t  than t h a t  o f  t o t a l  Cu, and u s u a l l y  v a r ie s  t o  a 
much g re a te r  ex te n t  (Swaine and M i t c h e l l ,  1960).  I t  tends t o  be 
h igher  in the  top  s o i l  which has a h igher  organ ic  matte r  con ten t  than 
the  r e s t  o f  the  p r o f i l e .  A v a i la b le  Cu tends t o  decrease w i th  depth 
(Krahmer and Bergmann, 1978; Karim e t  a l ,  1976). The assoc ia t ion  o f  
Cu w i th  o rgan ic  mat te r  in s o i l  ma in ta ins  Cu, released from m inera ls  
i n i t i a l l y ,  in  a complexed form near the  s o i l  su r face which i s  then 
a v a i l a b le  f o r  p la n t  uptake.
2 .1 .6  Copper D e fic ie n t So ils
Copper d e f i c i e n c y  in crops occurs when the re  is  an inadequate amount 
o f  Cu in the s o i l  s o lu t i o n  f o r  p l a n t  uptake. C u -d e f i c ie n t  s o i l s  can 
be d iv ided  i n t o  two groups; those i n h e r e n t l y  low in t o t a l  Cu and those 
w i t h  a normal o r  even h igh  t o t a l  Cu c o n t e n t  where most i s  in  
u n a v a i lab le  forms.
(a ) S o ils  in h eren tly  low in to ta l  Cu content
I n h e r e n t l y  low t o t a l  Cu c oncen t ra t ions  in s o i l s  are p r i n c i p a l l y  due t o  
t he  s o i l  m ineralogy and /or degree o f  weather ing and leach ing .  The 
main groups o f  s o i l s  w i th  low t o t a l  Cu le v e ls  are:
( i )  Coarse tex tu red  s o i l s
Sandy s o i l s  con ta in  a high percentage o f  quartz  g ra ins  and very  
l i t t l e  s i l t  o r  c la y .  As qua r tz  conta ins  no Cu and these s o i l s  
are  u s u a l l y  s t r o n g l y  l e a c h e d ,  and have a low c a p a c i t y  f o r  
adsorbing added ca t ions  due t o  the low c la y  con ten t ,  they  tend 
t o  be Cu d e f i c i e n t .  Such s o i l s  may be der ived from sandstone, 
weathered igneous rocks e s p e c ia l l y  g ra n i te s  o r  from g l a c i a l
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t i l l s  p r i n c i p a l l y  der ived from these rock types ,  i . e .  g rave ls  
and c o a rs e  sand. Most o f  th e s e  s o i l s  a re  n a t u r a l l y  a c id  
podzols o r  acid brown ea r ths .  Examples o f  t h i s  type o f  Cu- 
d e f i c i e n t  s o i l  are found in the  Breckland o f  England ( T i l l s  and 
A l loway,  1981) and on sandstone and g r a n i t e  in Scotland (Reaves 
and Berrow, 1984).
( i i )  Calcareous s o i l s
S o i l s  der ived from chalk and l imestone also tend to  have low Cu 
c o n t e n t s .  T h i s  i n h e r e n t l y  low s o i l  Cu c o n t e n t  can be 
exacerbated by high pH which reduces the amount o f  Cu^^ in the  
s o i l  s o l u t i o n ,  and a l s o  by t h e  h igh  Ca^^ c o n t e n t  wh ich 
dom ina tes  t h e  c a t i o n  exchange s i t e s  making th e  Cu l e s s  
a v a i l a b le  t o  p lan ts  (Davies e t  a l ,  1971).  An example o f  such 
Cu d e f i c i e n t  s o i l s  are rendzinas found over  the  s o f t  cha lk  o f
Sa l isb u ry  P la in  in England (Ca ldwe l l ,  1971).
(b ) S o ils  w ith a normal or even high to ta l Cu content where most is
in unavailab le  forms
The most common cause o f  Cu u n a v a i l a b i l i t y  in s o i l s  i s  the fo rmat ion
o f  s ta b le  complexes w i th  organ ic  macro-molecules ( G a r t r e l l ,  1981).
Obviously t h i s  complexat ion is  a t  i t s  most extreme in peats;  ac id ,
n e u t r a l  and a l k a l i n e  pea ts  have a l l  p roduced e q u a l l y  seve re  Cu
d e f i c i e n c y  (P iz e r  e t  a l ,  1966). However, minera l  s o i l s  w i th  more than
10% organ ic  mat te r  may also be a f fe c te d .  The la rge  areas o f  peat in
Scot land (Reaves and Berrow, 1984) and the loamy peats o f  the Eng l i sh
Fenland (C a ldw e l l ,  1971) are examples o f  t h i s  type o f  C u -d e f i c ie n t
s o i l .
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In the  humic rendzinas o f  the  cha lk  escarpment in Southern England a 
combinat ion o f  high o rgan ic  m a t te r  con ten t ,  high pH and r e l a t i v e l y  low 
inheren t  Cu give r i s e  t o  very low l e v e ls  o f  p lan t  a v a i l a b le  Cu (Davies 
e t  a l ,  1971).
2 .1 .7  Geographical D is tr ib u tio n  o f Copper-Deficient S o ils  in the U.K.
In Scot land areas o f  p o te n t i a l  Cu d e f i c ie n c y  have been mapped on the  
bas is  o f  t o t a l  s o i l  Cu in the  B hor izon by the Macaulay I n s t i t u t e  f o r
So i l  Research. As ye t  t h i s  map has not been o f f i c i a l l y  pub l ished bu t
i t  shows up the la rge  areas o f  peat covered land in  the  North o f  
Scotland to  be Cu d e f i c i e n t .  Areas o f  Cu d e f i c ie n c y  are a lso  found 
over  the  g r a n i t i c  rocks o f  North East Scotland and over the  areas o f  
sandstone In the South East and South West o f  the coun t ry .  Using t h i s  
in fo rm at ion  S.A.C. (1982) has produced a ta b le  o f  s o i l  a ss o c ia t io n s  
and s o i l  se r ies  whose p ro p e r t i e s  are l i k e l y  t o  have a s i g n i f i c a n t  
i n f l u e n c e  upon t h e  Cu c o n t e n t  o f  summer c r o p s .  S o i l s  were then  
grouped in to  " r i s k "  c a tego r ies  accord ing t o  t o t a l  Cu c once n t ra t io n  o f  
t h e i r  B hor izon and t h e i r  pedo log ica l  drainage type .  The r i s k  o f  Cu 
d e f i c i e n c y  in c ro p s  has been assessed t o  be h ig h  in  26 s o i l
a ssoc ia t ions  and moderate in a f u r t h e r  10 (Reaves and Berrow, 1984).
In England and Wales th e re  i s  l i t t l e  systemat ic  data on s o i l  Cu-
c oncen t ra t ions .  However, es t im ates  o f  areas o f  copper d e f i c i e n t  s o i l  
have been made, in p a r t ,  by reg iona l  geochemical surveys (Thornton,  
1 98 3 ) .  These s u rv e y s  a re  based on t h e  s y s t e m a t i c  c o l l e c t i o n  and 
ana lys is  o f  stream sediment samples. The Cu conce n t ra t io n  o f  the  
sediment r e f l e c t s  t h a t  o f  the  s o i l s  and rocks o f  i t s  catchment area.  
U s in g  t h i s  t e c h n i q u e  a map s h o w in g  t h e  d i s t r i b u t i o n  o f  Cu
22
c o n c e n t r a t i o n  in  s t ream sed im en ts  in  England and Wales has been 
produced and is  a v a i la b le  in pub l ished a t lases  (Webb e t  a l ,  1978). 
Th is  data has been app l ied  as a rap id  and low cos t  means o f  focuss ing 
a t t e n t i o n  on poss ib le  areas o f  Cu d e f i c ie n c y  in l i v e s to c k  in which 
s o i l ,  p l a n t  and m in e ra l  i n v e s t i g a t i o n s  can be c o n c e n t r a t e d .  Cu 
d e f i c i e n c y  in crops and animals i s  f r e q u e n t l y  found on land w i t h in  
geochemica l ly  de f ined low Cu areas (Thornton and Webb, 1980). These 
maps have been s u c c e s s f u l  in  p r e d i c t i n g  r e l a t i o n s h i p s  between 
geochemical parameters and bovine Cu d e f i c ie n c y  and f o r  assessing 
whether farms l i e  in high,  medium o r  low r i s k  Cu d e f i c ie n c y  areas 
(Leech e t  a l ,  1982; Leech e t  a l ,  1983; Leech and Thornton,  1987).
2 .2  PLANT COPPER
2 .2 .1  I n t r o d u c t i o n
I t  i s  over  50 years s ince both Sommer (1931) and Lipman and MacKinney 
(1931) f i r s t  showed t h a t  Cu was e ssen t ia l  f o r  the  growth o f  h igher  
p l a n t s .  Copper is  requi red in smal l but  c r i t i c a l  amounts (pg) by a l l  
h igher  p lan ts  f o r  hea l thy  growth and rep roduc t ion .  I t  is  c lassed as a 
m ic r o n u t r i e n t  o r  essen t ia l  t r a c e  element in c o n t r a s t  t o  macronut r ien ts  
such as phosphorus which is  requ i red  in much la r g e r  amounts (mg). I t s  
r o le  in a la rg e  number o f  enzymes (Walker and Webb, 1981) means t h a t  
i t  i n f luences  ne a r ly  a l l  the  metabo l ic  pathways.
2 . 2 . 2  Uptake and T rans loca t ion
The Cu con ten t  o f  most p lan ts  i s  g e n e ra l l y  between 2 and 20 mg/kg in 
the  dry  m a t te r .  Thus the amount o f  Cu requ i red by p lan ts  is  ve ry  
s m a l l .  Rates o f  uptake from d i l u t e  s o lu t i o n  are o f  the order  o f  ^mol
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h”  ^ g”  ^ fresh weight o f  root (Graham, 1981).
i s  the species commonly absorbed by p lan ts  (Dragin e t  a l ,  1976),
7+d e s p i te  the f a c t  t h a t  Cu i s  almost e n t i r e l y  complexed in the s o i l  
s o l u t i o n .  The way in which Cu^^ d issoc ia tes  from the  c h e la te  p r i o r  t o  
absorp t ion is  unknown.
The mechanism o f  absorp t ion  o f  Cu^^ by p la n t  roo ts  i s  a lso  unknown. 
Loneragan (1975) has suggested t h a t  absorp t ion i s  under some s o r t  o f  
metabol ic  c o n t ro l  w h i le  Graham (1979) has suggested t h a t  i f  i t  i s  Cu^^ 
t h a t  is  absorbed, then energy may on ly  be requi red t o  main ta in  the 
membrane p o t e n t i a l ,  f o r  t h e  e l e c t r o  chem ica l  g r a d i e n t  f a v o u r s  
a b s o r p t i o n  o f  Cu f rom  v e ry  low s o i l  s o l u t i o n  c o n c e n t r a t i o n s .  
However, evidence t o  suppor t  e i t h e r  theory  is  in conc lus ive  and the  
mechanism remains unc lea r .
Absorpt ion  o f  Cu from s o lu t i o n  is  s t ro n g ly  i n h ib i t e d  by Zn (Bowen, 
1981) and v ice versa (Loneragan, 1975); Bowen (1981) cons iders  Cu and 
Zn t o  be absorbed by the  same unknown mechanism.
In  a rev iew  o f  t h e  d i s t r i b u t i o n  and movement o f  Cu in  p l a n t s ,  
Loneragan (1981) suggests t h a t  in xylem and phloem saps Cu probably  
occurs complexed w i th  s o lu b le  N compounds such as amino ac ids .  Th is  
a f f i n i t y  was f i r s t  demonstrated by T i f f e n  (1972).  The d i s t r i b u t i o n  
and r e d i s t r i b u t i o n  o f  Cu w i t h in  the p la n t  is  c o n t r o l l e d  by processes 
in the  roots and leaves which re lease Cu f o r  exc re t ion  i n to  e i t h e r  the  
phloem or  xylem saps. Once presen t in the sap Cu moves f r e e l y .  
However, Cu is  not f r e e l y  mobi le  w i th in  the p la n t  as the  movement o f  
Cu i s  s t ro n g ly  dependent on the  Cu s ta tus  o f  the  p la n t  (Loneragan, 
1975).
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2 .2 ,3  D is tr ib u tio n  o f Copper in P lants
The d i s t r i b u t i o n  o f  Cu between roo ts  and shoots v a r ie s  w ide ly  w i th  
p la n t  species and env ironmental  c o n d i t io n s .  The c once n t ra t io n  o f  Cu 
in roo ts  i s  g e n e ra l l y  h igher  than t h a t  in shoots bu t  th e  degree o f  
d i f f e r e n c e  v a r ie s  markedly w i th  the  le ve l  o f  Cu supp ly .  J a r v i s  (1978) 
has shown t h a t  inc reas ing  conce n t ra t io ns  o f  Cu in s o l u t i o n ,  r e s u l t  in 
more rap id  increases in the  Cu con ten t  o f  the roo t  than o f  the shoot 
f o r  perennia l  ryegrass grown in f lo w in g  s o lu t i o n  c u l t u r e ,  w h i l s t  the  
roo ts  o f  p lan ts  grown f o r  per iods a t  low Cu concen t ra t ions  in s o lu t i o n  
have s im i l a r  Cu concen t ra t ions  t o  the  tops . Wool house and Walker 
(1981) suggest t h a t  many p lan ts  which are able t o  t o l e r a t e  high le v e ls  
o f  Cu in t h e i r  environment do so by accumulat ing Cu in  t h e i r  roots  and 
exc lud ing  i t  f rom the  shoots,  thus  p a r t i a l l y  p r o te c t i n g  the shoot 
aga ins t  changes in the  roo t  medium.
W i th in  roots  Cu is  associated w i th  c e l l  wa l ls ;  Cu d e f i c i e n t  ryegrass 
has almost a l l  o f  the  Cu in i t s  roo ts  associated w i th  the  c e l l  wa l l s  
(Loneragan, 1981).  In  roo ts ,  h igh concen t ra t ions  o f  Cu may be held 
a g a i n s t  t r a n s p o r t  t o  s h o o t s  even u n d e r  c o n d i t i o n s  o f  s e v e r e  
d e f i c i e n c y .  The p r o c e s s e s  g o v e r n i n g  t h i s  r e t e n t i o n  a re  n o t  
unders tood.
In  sh o o ts  Cu d i s t r i b u t i o n  v a r i e s  w i t h  m a t u r i t y  and t h i s  w i l l  be 
discussed l a t e r .  However, the  behav iour  o f  Cu in shoots appears to  be 
coupled w i th  N metabol ism. The presen t evidence suggests t h a t  Cu 
e n te r in g  leaves i s  bound by N-compounds which release l i t t l e  or  no Cu 
f o r  phloem t r a n s p o r t  u n t i l  they  are hydrolysed. As a r e s u l t  green 
leaves can accumulate high Cu concen t ra t ions  and r e ta in  them aga ins t
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t r a n s i o c a t i o n  t o  a reas  o f  new g row th  even d u r i n g  Cu d e f i c i e n c y  
(Loneragan, 1981).
N i t rogen f e r t i l i s e r s  f re q u e n t l y  change the Cu con ten t  o f  p lan ts  (see 
2 . 2 . 6 ) .  However, these changes are accompanied by profound e f f e c t s  
upon p la n t  growth which obscure any changes in d i s t r i b u t i o n  o f  Cu/N 
r e la t i o n s h ip s .
2 .2 .4  The Role o f Copper In P lan t Physiology
Copper has a r o le  in many p la n t  processes. I t  i s  e i t h e r  a c o n s t i t u e n t  
o f  o r  associa ted w i th  compounds which are o f  f u n c t io n a l  importance in 
the  metabol ism o f  h igher  p la n t s .  In general  Cu c o n ta in in g  enzymes are 
concerned w i th  the c a t a l y s i s  o f  o x i d a t io n - r e d u c t io n  type reac t ions  in 
which oxygen is  reduced t o  water o r  perox ide .  However, Cu redox 
p ro te in s  w i th ou t  oxidase fu n c t io n  are found, e .g .  p las tocyan in .
C o p p e r  c o n t a i n i n g  enzymes have k e y  r o l e s  i n  r e s p i r a t i o n  and 
p h o t o s y n t h e s i s  and Cu p r o t e i n s  a re  t h o u g h t  t o  be in v o l v e d  in  
l i g n i f i c a t i o n ,  anabo l ic  metabol ism, c e l l u l a r  defence mechanism and 
hormone metabol ism. Some o f  these Cu compounds and t h e i r  fu n c t io n s  
are l i s t e d  in Table 2 .2 .
The e f f e c t s  o f  Cu d e f i c i e n c y  on the  va r ious  p la n t  metabol ic  processes 
w i l l  be discussed l a t e r .
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Table 2 .2  
The range and function o f copper contain ing proteins  
in p lants (Walker and Webb, 1981)
Protein/enzymes Function
Cytochrome oxidase
Ascorbate oxidase
Phenolase 
Laccase
Diamine oxidase 
Superoxide dismutase 
Quinol oxidase 
Umecyanin 
Mavicyanin 
Plantacyan in  
Blue p ro te in s  
S te l la c y a n in  
P las tocyan in
Azur in
Terminal oxidase o f  the  m i tochond r ia l  e le c t ro n  
t r a n s p o r t  cha in .
Catalyses o x id a t io n  o f  ascorba te .
Catalyses oxygenat ion o f  amino aldehydes.
Catalyses o x id a t io n  o f  polyamines.
Catalyses the d ismuta t ion  o f  superox ide.  
Funct ion unknown.
An e le c t ro n  c a r r i e r .
I n t e r m e d i a t e  e l e c t r o n  t r a n s p o r t e r  in  
pho tosyn thes is .
E lec t ron  c a r r i e d  in r e s p i r a t o r y  chain between 
cytochrome and cythochrome ox idase.
2 ,2 .5  V aria tio n  o f  copper concentration between p la n t species
P l a n t  s p e c ie s  v a r y  c o n s i d e r a b l y  in  t h e i r  t y p i c a l  Cu c o n t e n t s .  
Al though these d i f f e r e n c e s  may be small they are impor tan t  in animal 
n u t r i t i o n  s t u d i e s .  Two s p e c ie s  o f t e n  grown t o g e t h e r  in  p a s t u r e ,  
c l o v e r  and g r a s s ,  can e x h i b i t  marked d i f f e r e n c e s  in  t h e i r  t r a c e  
element c on ten ts .  In permanent pasture as opposed t o  temporary leys  
in d ig inou s  u n c u l t i v a te d  species such as bu t te rcups  and t h i s t l e s  may
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a lso  become es tab l ished  and a f f e c t  animal n u t r i t i o n .  V a r i a t i o n s  1n Cu 
con ten ts  between p la n t  species sampled in one f i e l d  are given in Tab le 
2 .3 ,
Table 2 .3
V aria tio n  in Cu content between p lan t species sampled 
In one f ie ld  In June (Burrldge e t  al# 1983)
P lant species Cu
Mixed herbage 9.8
Ryegrass (Lollum perenne) 5.7
Cocksfoot (Dactyl Is  glomerata) 7 .2
Clover  (T r ifo liu m  sp . )  10.8
Butte rcup (Ranunculus s p . )  17.8
I t  i s  apparent from the above t a b l e  t h a t  a change in the  b o ta n ic a l  
c o m p o s i t i o n  o f  a sward c o u ld  a f f e c t  t h e  Cu c o n t e n t  o f  t h e  mixed 
herbage. The r e l a t i v e  species con ten ts  depend t o  some ex ten t  on s o i l  
c o n d i t i o n s .  In low Cu s o i l s  c l o v e r  g e n e ra l l y  con ta ins  less  Cu than 
ryegrass whereras on s o i l s  high in  Cu the reverse i s  more l i k e l y  t o  be 
th e  case ( M i t c h e l l  e t  a l ,  1957).
2 .2 .6  Factors A ffec tin g  Copper Concentrations in P lants
(a ) Age
The c o n c e n t r a t i o n s  o f  Cu in  p l a n t s  i s  g e n e r a l l y  h i g h e s t  in  young 
seed l ings  and decreases s t e a d i l y  towards m a tu r i t y  (Gladstone e t  a l ,  
1975; Loneragan e t  a l ,  1980; R e u te r  e t  a l ,  198 1 ) .  F requency  o f  
c u t t i n g  a l s o  a f f e c t s  t h e  Cu c o n t e n t .  R e i t h  and M i t c h e l l  (1964)
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observed an increase in Cu concen t ra t ion  w i th  successive c u t t i n g  over  
one growing season and t h i s  has been reported in o th e r  work (Rei th  e t  
a i ,  1984). The Cu con ten t  was h igher  in October than June c u ts ,  
midsummer cu ts  had in te rm ed ia te  va lues .
(b ) In te ra c tio n s  w ith other ions
Many i n te r a c t i o n s  o f  Cu w i th  o the r  ions have been repor ted ;  u s u a l l y  
t h e y  r e s u l t  in  a s u p p re s s io n  o f  Cu up take  by t h e  p l a n t .  Z in c  
f e r t i l i s e r  a p p l i c a t i o n  suppresses Cu absorp t ion  by ce rea ls  (Chaudhry 
e t  a l ,  1970) which i s  c o n s is te n t  w i th  e f f e c t s  in s o lu t i o n  s tud ies  (see 
2 .2 .2 ).
H i a t t  e t  al (1963) showed t h a t  aluminium markedly reduced Cu uptake, 
bu t  t h i s  was overcome i f  Cu le v e ls  were h ighe r .  They concluded t h a t  
A1 and Cu were no t  compet ing f o r  the  same absorp t ion  s i t e  in the  p la n t  
bu t  were compet ing f o r  common s o i l  b ind ing  s i t e s  a t  o r  near the ro o t  
su r fa ce .
Calcium may c o m p e t i t i v e l y  i n h i b i t  Cu uptake under c e r t a in  c o n d i t io n s  
(Catha la  and Salsac , 1975) wh i le  s y n e r g i s t i c  e f f e c t s  between Cu and Mn 
have been descr ibed (Dekock and Cheshi re ,  1968). McKay e t  al (1966) 
have reported t h a t  Cu and Mo are an tagon is ts  f o r  crops grown in acid 
s o i l s .  However t h i s  l a s t  p o in t  is  unc lea r  as o th e r  work has shown no 
Cu and Mo antagonism in the f i e l d  (R e i th ,  1984).
(c ) F e r t i l is e r s
There are severa l  ways in which p la n t  t r a c e  element concen t ra t ions  may 
be a f fe c ted  by N.P.K. f e r t i l i s e r s :
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( i )  The amounts o f  N.P.K, used are r e l a t i v e l y  high and these may
a f f e c t  s o i l  c o n d i t i o n s .
I f  ammonium s u l p h a t e  i s  used t h i s  a c i d i f i e s  s o i l s  and may 
increase Cu s o l u b i l i t y  in th e  s o i l  (Lucas and Knezek, 1972). 
However,  a p p l i c a t i o n  o f  most f e r t i l i s e r s  o n l y  r e s u l t s  in  
t r a n s ie n t  changes in s o i l  pH which tend t o  be lo c a l i s e d  around 
in d iv id u a l  f e r t i l i s e r  p r i l l s .  Im p u r i t i e s  o f  Cu in f e r t i l i s e r s  
can also lead t o  changes in the  Cu content  o f  s o i l s  and thus 
a f f e c t  p l a n t  u p ta k e .  T h i s  e f f e c t  depends l a r g e l y  on t h e  
f e r t i l i s e r  used b u t  p h o s p h a t e  f e r t i l i s e r s  a r e  u s u a l l y  
associated w i th  Cu im p u r i t i e s  (Swaine, 1962).
( i i )  I n c re ased  g ro w th  in  response  t o  f e r t i l i s e r  a p p l i c a t i o n s ,
e s p e c ia l l y  N, can a lso  a f f e c t  Cu con ten ts .  The reasons f o r  
t h i s  may be f i r s t l y  t h a t  increased roo t  growth means the  p la n t  
has access t o  a l a rg e r  s o i l  volume and secondly,  t h a t  the  stage 
o f  growth,  i . e .  l e a f ,  stem r a t i o  may be a l te red  (Bu r r idge  e t  a l  
1983).
( i i i )  P lan t  uptake may be a f fe c te d  by changes in the r e l a t i v e  amounts
o f  the  major and minor n u t r i e n t s  (Burr idge e t  a l ,  1983).
As one o r  more o f  t h e  above mechanisms may be o p e r a t i n g  i t  i s  
d i f f i c u l t  t o  exp la in  observed e f f e c t s  o f  N.P.K. f e r t i l i s e r s  on p la n t  
t r a c e  element con c e n t ra t io n s .  However, several  general  a f f e c t s  have 
been observed. When N i s  supp l ied  w i th ou t  Cu, the Cu conce n t ra t io n  o f  
herbage growing in C u - d e f i c i e n t  s o i l  i s  decreased (R e i th ,  1975).
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The suppression o f  c lo v e r  growth is  not  respons ib le  f o r  t h i s ,  as under 
such c o n d i t io n s  c lo v e rs  u s u a l l y  have lower Cu c oncen t ra t ion  than do 
grasses (M i t c h e l l  e t a l ,  1957). Th is  f a c t  has been s ubs tan t ia ted  by 
f u r t h e r  work (Re i th  e t  a l ,  1984) which found t h a t  app ly ing  N t o  Cu- 
s u f f i c i e n t  s o i l  increased Cu con ten t  in mixed herbage. Apply ing N, 
and Cu as CuSO^ t o  c o p p e r -d e f i c ie n t  s o i l  resu l ted  in increased y ie ld s  
and Cu contents  (Re i th  e t a l ,  1984). These workers a lso  found t h a t  
app ly ing  P, e s p e c ia l l y  a t  high ra te s ,  resu l ted  in s l i g h t l y  lower Cu 
con ten ts  in herbage. These re s u l t s  are summarised in Table 2 .4 .
Table 2 .4
E ffec ts  o f applying nitrogen and phosphorous f e r t i l is e r s  
on Cu concentrations in plants
N u trien t E ffe c t on Cu Comment
Ni trogen (1) Decreased Cu concen t ra t ion
( i i )  Increased Cu concen t ra t ion
Phosphorus Decreased Cu c oncen t ra t ion
D e f ic ie n c y  due t o  
increased growth.
Increased uptake when 
lu x u ry  supp l ies  o f  Cu 
in s o i l  and increased 
growth.
Due t o ;
( i )  reduced absorp t ion  
(Olsen, 1972).
( i i )  Decrease in 
mycorrh iza l  
absorp t ion  o f  Cu 
a t  high P 
(Timmer and 
Leyden, 1980).
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(d ) Son conditions
(1) Drainage c o n d i t i o n
The c o n c e n t r a t i o n  o f  p l a n t  a v a i l a b l e  c opp e r  in  a s o i l  i s  
g e n e r a l l y  h i g h e r  in  n a t u r a l l y  p o o r l y  d r a in e d  s o i l s  than  
a d ja c e n t  f r e e l y  d r a in e d  s o i l s  ( R e i t h ,  19 8 3 ) .  Berrow and 
M i t c h e l l  (1980) compared the  Cu content  o f  f r e e l y  drained and 
very poo r ly  d ra ined s o i l s  o f  the  same parent  m a te r i a l .  They 
observed t h a t  Cu in the sur face  hor izons  o f  both s o i l  types is  
in a che la ted  form and t h e r e fo re  e x t r a c ta b le .  However, lower 
in the p r o f i l e  more Cu is  in an e x t ra c ta b le  form and i t  was in 
these hor izons  t h a t  the  degree o f  m o b i l i s a t i o n  increased under 
poor drainage c o n d i t i o n s ,  i . e .  Cu e x t r a c t i b i 1i t y  decreases w i th  
depth in f r e e l y  drained s o i l s  but in very poo r ly  drained s o i l s  
the re  i s  l i t t l e  change in e x t ra c ta b le  Cu le v e l s  w i th  depth.  
Fur ther  i n v e s t i g a t i o n s  (Barrow e t  a l ,  1983) have shown t h a t  
desp i te  poor drainage causing an increase in e x t ra c ta b le  s o i l  
Cu, the  p la n t  le v e ls  on ly  increased m a rg in a l l y .
Copper is  not s u b je c t  t o  o x id a t io n / r e d u c t io n  reac t ion  under 
chang ing  d r a in a g e  c o n d i t i o n s  ( J a r v i s ,  1 9 8 1 ) .  Thus t h e  
mechanism o f  the  above e f f e c t s  is  unc lear .  I t  could be due t o  
i n d i r e c t  e f f e c t s  o f  d r a in a g e  on Fe and Mn o x i d e s  and th e  
breakdown o f  o rgan ic  m a t te r ,  o r  s imply  t h a t  the  exchangeable Cu 
o f  the f r e e l y  dra ined s o i l  has been d isp laced and leached away
whereas in the  poo r ly  drained s o i l  any d isp laced  Cu could be
taken up by o th e r  b ind ing  s i t e s  in the s o i l  as the re  is  less
chance o f  Cu being leached away.
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(11) So i l  pH
There Is l i t t l e  evidence t o  suggest t h a t  p la n t  uptake o f  Cu is  
a f f e c t e d  by changes in  s o i l  pH. However Cu d e f i c i e n c y  
f o l l o w i n g  land  improvement  t h ro u g h  l i m i n g  and re s e e d in g  i s  
common ( P iz e r  e t  a l,  1966; T i l l s  and A l loway,  1981; Evans, 
1983; Whitelaw e t  a l ,  1979). Laboratory s tu d ie s  have suggested 
t h a t  Cu m o b i l i t y  in the  s o i l  and hence a v a i l a b i l i t y  are g rea te r  
at  low pHs ( J a r v i s ,  1981). There is  c o n f l i c t i n g  evidence as to  
whether t h i s  i s  c a r r i e d  over in to  the p la n t .  Lucas and Knezek 
(1972) s t a te  t h a t  Cu a v a i l a b i l i t y  is  dependent upon s o i l  pH but  
does not no rm a l ly  increase apprec iab ly  u n t i l  th e  pH f a l l s  below 
. 5 .0 .  However, P iper  and Beckwith (1949) found t h a t  the  Cu 
c o n c e n t r a t i o n s  i n  s e v e r a l  p l a n t  s p e c i e s  we re  e n t i r e l y  
una ffec ted  by a range o f  s o i l  pHs from 4.5 t o  7 .5 .  Th is  
conc lus ion has been subs tan t ia ted  by Archer (1971) and Gupta 
( 1 9 7 9 )  who r a i s e d  pHs f r o m  4 .7  t o  6 . 0  and 5 , 6  t o  7 . 7  
r e s p e c t i v e l y ,  w i th o u t  any e f f e c t  on Cu conce n t ra t io n  o f  p la n ts .  
Thus the  m a jo r i t y  o f  research tends to  suggest pH has no e f f e c t  
a l though some w i l l  debate t h i s  p o in t .
Even when some evidence suggest ing a pH e f f e c t  has been found, 
t h e  r e s u l t s  can be c o n f l i c t i n g .  T h i s  was dem on s t ra te d  by 
M i t c h e l l  e t  al (1957) who showed t h a t  l im in g  a S c o t t i s h  s o i l  
increased the  Cu le v e ls  in red c lo v e r  but not in ryegrass.
( i l l )  Organic m a t te r  con ten t
The reac t ions  o f  copper w i th  s o i l  o rgan ic  m a t te r  have been 
d e s c r ib e d  ( S e c t i o n  2 . 1 . 2 ) .  On th e  b a s i s  o f  f r a c t i o n a t i o n  
s tud ies  (M a r t in ,  1968; McLaren and Crawford,  1973a) i t  has been
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concluded t h a t  the  bulk o f  the  a v a i l a b le  s o i l  Cu reserve 1s
associated w i th  organ ic  m a t te r .  The supp ly o f  Cu, as assessed
by s o i l  e x t r a c t i o n ,  o f t e n  i n i t i a l l y  i n c re a s e s  when o r g a n i c  
matte r  i s  added t o  a s o i l ,  as i t  o f te n  con ta ins  a high Cu 
concen t ra t ion  (Gupta, 1971), bu t  t h i s  may be fol lowed by a 
gradual  decrease in a v a i la b le  Cu (E lg a la  e t  a l ,  1976) as Cu- 
o rgan ic  mat te r  complexes become more s ta b le .  Thus al though the  
e f f e c t s  o f  o r g a n i c  m a t t e r  may be v a r i a b l e  and g e n e r a l l y  
increase the  Cu reserve in the  s o i l ,  inc reas ing  organ ic mat te r  
con ten t  o f  a s o i l  tends t o  decrease p la n t  a v a i la b le  copper 
l e v e ls .
2 .2 .7  E ffec ts  o f Copper Deficiency on P lan t Physiological Processes
The m an i fes ta t ion  o f  copper d e f i c ie n c y  on p h y s io lo g ic a l  processes can 
be d iv ided  in to  i t s  e f f e c t s  on va r iou s  metabo l ic  pathways. Copper 
in f l u e n c e s  nea r ly  a l l  the p la n t  metabo l ic  pathways due t o  i t s  r o le  in
a la rg e  number o f  key enzymes (Walker and Webb, 1981).
(a ) Carbohydrate metabolism
( i )  Photosynthes is
C o p p e r  d e f i c i e n c y  may I n d u c e  c h l o r o s i s  and s t r u c t u r a l  
mal f o r m a t i o n s  in  le a v e s .  S ince  c h l o r o s i s  i n v o l v e s  t h e  
breakdown o f  c h l o r o p l a s t s  wh ich  a re  t h e  o r g a n e l l e s  f o r  
pho tosyn thes is ,  symptoms o f  c h l o r o s i s  can be expected t o  lead 
t o  decreased pho tosyn the t ic  a c t i v i t y .
P lan t  c h lo ro p la s t s  conta in  apprec iab le  amounts o f  copper, e .g .  
in c lo v e r  75% o f  t o t a l  Cu was found in the  c h lo ro p la s ts  (Neish,  
1939).  However evidence suggests t h a t  damage o f  c h lo ro p la s ts
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Is  a l a t e  s tep  1n d e v e lo p in g  Cu d e f i c i e n c y ,  i . e .  i t  i s  a 
secondary e f f e c t  (Buss le r ,  1981).  I f  Cu d e f i c i e n c y  d i r e c t l y  
dep resses  p h o t o s y n t h e t i c  r a t e s ,  i t  must do so t h r o u g h  some 
o the r  mechanism. I t  i s  not  due t o  a p las tocyan in  l i m i t a t i o n .  
However in a d d i t io n  t o  depressing con ten t  o f  c h lo ro p h y l l  a and 
b in leaves Cu d e f i c i e n c y  a lso depresses B-carotene,  l u t e i n ,  
neoxanthine, p las toqu inone and Vi tamin K contents  (B uss le r ,  
1 9 8 1 ) .  Any one o f  w h i c h  may have a d i r e c t  e f f e c t  on 
pho tosyn thes is .  To date research has been in c o n c lu s iv e .
( i i )  Resp i ra t ion
Since m itochondr ia l  cy tochrome-C-oxidase con ta ins  Cu, Cu must 
be involved in r e s p i r a t i o n .  However t h i s  enzyme appears t o  be 
v e ry  s t a b l e  and t h e  Cu c a n n o t  be removed even under  Cu- 
d e f i c i e n t  c o n d i t i o n s ,  thus r e s p i r a t i o n  appears t o  be una f fec ted  
by Cu d e f i c ie n c y  (B uss le r ,  1981).
( i l l )  Carbohydrate d i s t r i b u t i o n
Carbohydrate d i s t r i b u t i o n  in the p la n t  does not appear t o  be 
a f fe c te d  by Cu d e f i c i e n c y .
(b ) Nitrogen metabolism
( i )  P ro te in  metabol ism
Many Cu enzymes show decreas ing a c t i v i t y  w i th  Cu d e f i c i e n c y  and 
t h i s  is  res to red i f  Cu i s  added to  the  system (Walker and Webb, 
1981). P ro te in  syn thes is  i s  also  d is rup te d  by Cu d e f i c i e n c y ,  
which re s u l t s  in an increase in s o lub le  N compounds in the  
p la n t  (Buss le r ,  1981).  However the presen t evidence suggests 
t h a t  t h e  i n f l u e n c e  o f  Cu on p r o t e i n  m e ta b o l is m  i s  a l s o  a
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secondary e f f e c t  o f  long l a s t i n g  Cu d e f i c i e n c y  (P r ic e  e t  a l ,  
1972).
( i i )  Ni t rogen reduc t ion  and f i x a t i o n
Copper appears  t o  be r e q u i r e d  f o r  s y m b i o t i c  N f i x a t i o n  in  
legumes. Cu d e f i c i e n c y  decreases  N f i x a t i o n  in c l o v e r  
(Snowball e t  a l ,  1980).
( i i i )  L ign in  syn thes is
Ce l l  wa l l  compos i t ion changes w i th  age. Copper i s  impor tant  in 
c e l l  w a l l  m e ta b o l i s m ,  hav ing  t h e  g r e a t e s t  e f f e c t  d u r i n g  
l i g n i f i c a t i o n .  Many researchers have descr ibed a decrease in 
. l i g n i f i c a t i o n  under C u -d e f i c ie n t  c o n d i t io n s  (Bus ie r ,  1981) and 
t h i s  agrees w i th  observed Cu d e f i c ie n c y  symptoms ( 2 . 2 . 8 ) .  Th is  
i s  due t o  t h e  p h e n o lo x id a s e  enzymes, w h ich  b i o s y n t h e s i se 
l i g n i n ,  lo s in g  a c t i v i t y  under Cu d e f i c i e n c y .  L i g n i f i c a t i o n  can 
be i n h ib i t e d  o r  comple te ly  absent in d e f i c i e n t  p lan ts  lead ing 
t o  bend ing  and d i s t o r t i o n  o f  t h e  le a v e s  and s tems.  Xylem 
v e s s e l s  may c o l l p a s e  due t o  la c k  o f  s t r u c t u r a l  t h i c k e n i n g  
lead ing  t o  r e s t r i c t e d  water movement and hence w i l t i n g  (Al loway 
and T i l l s ,  1984).  The Cu enzymes invo lved appear t o  be very 
s e n s i t i v e  t o  Cu l e v e ls  in the c e l l  and t h i s  may be a d i r e c t  
e f f e c t  o f  Cu d e f i c i e n c y .
(e) Reproduct ion
Po l len  s t e r i l i t y  may be found in a number o f  p la n t  species grown under 
Cu s t re s s  (Graham and Nambier, 1981). A l l  the  evidence appears t o  
suggest t h a t  Cu d e f i c i e n c y  a f f e c t s  po l len  development r a th e r  than t h a t  
o f  the  ovu le .  A l loway e t  a l  (1983) suggest t h a t  p o l le n  s t e r i l i t y  may
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be l in ked  to  a t a p e ta l  abnorma l i t y  in the  anther  due t o  Cu d e f i c i e n c y ,  
du r ing  po l len  g ra in  development.  In s e l f - p o l l i n a t i n g  p lan ts  such as 
wheat  and b a r l e y  a r e d u c t i o n  in  p o l l e n  v i a b i l i t y  w i l l  lead t o  a 
decreased y i e l d .
Symptoms o f  Cu d e f i c i e n c y  p r i m a r i l y  appear on the  younger pa r ts  o f  
p l a n t  as i t s  m o b i l i t y  w i t h in  p lan ts  is  low. Recent r e s u l t s  in d ic a te  
t h a t  Cu d e f i c i e n c y  a lways  s t a r t s  t o  deve lop  in  younger  t i s s u e s  
(Buss le r ,  1981). The anthers are the  younger pa r ts  o f  a p la n t  a t  the  
t im e  o f  po l len  fo rm a t ion ,  t h e r e fo re  i t  would be expected t h a t  the  
rep roduc t ive  process may be s e n s i t i v e  t o  Cu d e f i c i e n c y .  I f  po l len  
s t e r i l i t y  as an e f f e c t  o f  Cu d e f i c i e n c y  i s  g e n e r a l i s e d  f o r  a l l  
f l o w e r in g  p lan ts  then seed p roduc t ion  must decrease. Reuter e t  al 
(1981) found decreased seed p roduc t ion  in c lo v e r  under Cu s t re s s ,  
however a pr imary r o le  o f  Cu in seed fo rmat ion cannot be deduced.
(d ) Disease resistance
Graham (1981a) has r e p o r t e d  t h a t  p l a n t s  under  Cu s t r e s s  a re  more 
s us c e p t ib le  to  powdery mildew and e rg o t .  The r o le  o f  Cu in disease 
res is tance  is  unknown; the  s t r u c t u r e  o f  the  p la n t  as we l l  as the  
p h y s i o l o g i c a l  c o m p o s i t i o n  may be i n v o l v e d  and i t  a l s o  appears  t o  
change w i th  age and degree o f  Cu d e f i c i e n c y .  B a c te r ia l  speck in 
tomatoes (Bonn and Lesage, 1984) and stem melanosis o f  wheat (P ien ing 
e t  a l ,  1987) have a lso  been assoc ia ted w i th  Cu d e f i c i e n c y .
2 ,2 .8  Symptoms o f Copper D efic iency
V i s i b l e  symptoms o f  Cu d e f i c i e n c y  are widespread and occur in many 
d i f f e r e n t  p la n t  species (see review by C a ldw e l l ,  1971 and G a r t r e l l ,  
1981).  However Cu d e f i c i e n c i e s  occur  much more f r e q u e n t l y  in some
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species than o th e rs .  Table 2.5 l i s t s  c u l t i v a t e d  species and t h e i r  
s e n s i t i v i t y  t o  Cu d e f i c i e n c y .
There also e x i s t s  some v a r i a t i o n  between c u l t i v a r s  w i t h in  a species 
(Graham and Namber, 1981).
Table 2 .5
The re la t iv e  s e n s it iv it ie s  o f selected crops to  
copper d efic iency (from Alloway and T i l l s  (1983))
S e n s it iv ity  to  copper defic iency
Low
Beans
Peas
Potatoes
Rye
Pasture grasses
Asparagus
Rape
Lupins
Soyabeans
Medium
Barley  
C lovers 
B rocco l i  
Cabbage 
C a u l i f l o w e r  
Sorghum 
Tomato 
Turn ip  
Ma i ze
High
Wheat
Rice
Oats
Lucerne
Le t tuce
On ion
Ca rro t
C i t r u s  f r u i t s  
Spinach
A l i s t  o f  the  main symptoms found in several  crops i s  given in Table 
2 . 6 .  In  many s p e c ie s  symptoms, i n c l u d i n g  c h l o r o s i s ,  n e c r o s i s ,  
d i s t o r t i o n  o f  leaves and dieback o f  l e a f  t i p s ,  are f i r s t  observed in 
young s hoo ts  ( H e w i t t ,  1963 ) .  W i l t i n g  i s  a l s o  a common symptom 
( B u s s l e r ,  1981) u s u a l l y  due t o  s t r u c t u r a l  weaknesses ( red uced  
1i g n i f i c a t i o n ) .
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In most annual o r  perenn ia l  s e n s i t i v e  species the most spec tacu la r  
e f f e c t s  o f  Cu d e f i c i e n c y  are observed dur ing rep roduc t ive  development; 
seed and f r u i t  y i e l d s  a re  reduced and s t e r i l e  p o l l e n  i s  produced 
(Robson and Reuter,  1981), In some cases t h i s  is  the  f i r s t  v i s i b l e  
symptom o f  d e f i c i e n c y ,  growth having been normal up t o  t h i s  p o in t .  
Bar ley  is  e s p e c ia l l y  s u s c e p t ib le  t o  t h i s  l a t t e r  problem.
Table 2 .6
P rin c ip le  symptoms o f copper defic iency  
(from Alloway and T i l l s ,  1983)
Crop
Forage
Grasses
Clover
Lucerne
Cereals
Wheat 
Bar iey  
Oats
V is ib le  symptoms
P lan t  s tunted, necros is  o f  t i p s  o f  young leaves .
Young leaves become green, w i th e r  and d ie .
Stunted growth.  New leaves are b lu i s h  green. L e a f le ts  
w i th e r  and d ie .
Young le a v e s  p a le  and la c k  t u r g o r .  L e a f  become 
c h l o r o t i c  w i th  t i p  t u rn in g  wh ite  and r o l l i n g  in to  a 
s p i r a l  " w i t h e r  t i p " .  Upper h a l f  o f  lamina may w i th e r  
and break on the  hea l thy  p a r t  -  " w h i p t a i l " .
Vegetable crops
Beet
Sugar beet 
Cau l i  f low er
Potatoes
Turn ips
On ions
Cabbage
Young leaves small and b lu is h  green in c o lo u r  
leaves become c h l o r o t i c .
Older
Leaves w i l t  due t o  lack o f  t u r g o r .
Ye l low ing  o f f o l i a g e  which also develop wh ite  spots 
Bulb green ish bronze in c o lo u r .
Leaves c h l o r o t i c ,  heads f a i l  t o  form.
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Diagnos is  o f  Cu d e f i c i e n c y  by symptoms alone has two major drawbacks. 
F i r s t l y  y ie ld  may be reduced e i t h e r  w i thou t  symptoms o r  before the  
symptoms are m a n i f e s t e d ,  and s e c o n d ly  t h e  symptom can o f t e n  be 
confused w i th  o th e r  n u t r i e n t  d e f i c i e n c i e s ,  drought s t res s  or  damage 
from sprays o r  f r o s t  (Robson and Reuter,  1981; Graham and Nambier, 
1981). There fore where poss ib le  v i s i b l e  symptoms should be v e r i f i e d  
by s o i l  o r  p la n t  a n a ly s i s .
2 .2 .9  E ffects  o f Copper Deficiency on Crops and Y ie ld
S u b c l in ic a l  Cu d e f i c i e n c y  can r e s u l t  in g ra in  y i e ld  losses  o f  up t o  
20% o r  more w i th o u t  any p r i o r  symptoms (Graham and Nambier, 1981). 
Th is  c o n d i t io n  is  o f te n  re fe r red  to  as "m arg ina l "  copper d e f i c ie n c y  o r  
"hidden hunger".  A f fec te d  p lan ts  may be s l i g h t l y  sm a l le r  than those 
grown on C u - s u f f i c i e n t  s o i l s  but the  s ize  d i f f e r e n c e  i s  not  apparent 
u n le s s  areas o f  d e f i c i e n t  and s u f f i c i e n t  s o i l  c o n v e rg e .  Thus Cu 
d e f i c i e n c y  is  o f te n  over looked and poor y i e ld  a t t r i b u t e d  t o  o th e r  
f a c to r s  such as water s t r e s s .  The s o i l s  causing t h i s  are l i k e l y  t o  
remain undetected un less they are analysed f o r  copper.
Several  cases have been reported in B r i t a i n  where y i e l d  increases o f  
up t o  20% have been obta ined in response t o  Cu t rea tm en t  o f  crops such 
as oa ts ,  ba r le y ,  sugar beet and c a r r o t s ,  w i th  no v i s i b l e  Cu d e f i c ie n c y  
symptoms (Re i th ,  1968; Jordan, 1975; P ize r  e t a l ,  1966). T i l l s  and 
Al loway (1981) repor ted s u b c l i n i c a l  Cu d e f i c i e n c y  in crops on the  
Breckland area o f  East Ang l ia  where desp i te  very  low t o t a l  and p la n t  
a v a i l a b l e  s o i l  Cu c o n c e n t r a t i o n s ,  no v i s i b l e  symptoms o f  Cu 
d e f i c i e n c i e s  were re c o g n is e d  by t h e  f a r m e r .  S i m i l a r  s u b c l i n i c a l  
d e f i c i e n c i e s  have been reported on the humic rendzinas o f  the  I c k n ie ld
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s e r ie s  in Southern England ( T i l l s  and Al loway, 1983a).
Herbage growing on C u - d e f i c ie n t  s o i l  i s  u n l i k e l y  t o  sj^n/?-tcns
i t s e l f  but  the  low Cu concen t ra t ions  may lead t o  reduced dry matter  
y i e l d s ,  and may cause  d e f i c i e n c y  prob lems in  g r a z i n g  l i v e s t o c k  
( G a r t r e l l ,  1981).
2 ,2 .1 0  Diagnosis o f Copper Deficiency
C o p p e r - d e f i c i e n t  s o i l s  and a f f e c t e d  p l a n t s  can be i d e n t i f i e d  by 
symptoms alone ( 2 . 2 . 8 ) .  However, as p rev io us ly  mentioned ( 2 ,2 .8  and 
2 .2 .9 )  Cu d e f i c i e n c y  d iagnos is  by symptoms alone, al though by f a r  the 
qu ic k es t  and cheapest approach is  not always u s e f u l .  Another problem 
i s  t h a t  d e f i c i e n c y  symptoms o f t e n  o n l y  become a p p a re n t  a t  f a i r l y  
advanced stages o f  growth by which t ime i t  may be too  l a t e  t o  c o r r e c t .  
There fore  s o i l  o r  p la n t  ana lys is  is  required t o  d e l in e a te  the ex ten t  
o f  the  d e f i c i e n c y  problem.
(a ) Soil analysis
Diagnosis o f  C u - d e f i c i e n t  s o i l s  has been descr ibed in 2 . 1 .5 .  Once 
i d e n t i f i e d  t h e  s o i l  can be t r e a t e d  f o r  t h e  b e n e f i t  o f  subsequen t  
c r o p s .  How eve r  s o i l  t e s t s  a r e  e m p i r i c a l  and do n o t  a lw a y s  
d i s c r im in a t e  between responsive and non-responsive s i t u a t i o n s .  They 
have never the less  proved reasonably useful  in  separa t ing  d e f i c i e n t  
f rom adequate ly supp l ied  s o i l s .  In a d d i t i o n ,  because p la n t  species 
vary  w ide ly  in t h e i r  a b i l i t y  t o  e x t r a c t  s o i l  Cu (Graham and Pearce,
1979),  i t  is  t o  be expected t h a t  " c r i t i c a l " s o i l  t e s t  values w i l l  
a lso  vary w i th  the  type o f  crop being grown.
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(b ) P lan t analysis
P lan t  a n a ly s is  is  more r e l i a b l e  than the  d iagnos is  o f  symptoms and is  
b e t t e r  than s o i l  t e s t s  because i t  in d ic a te s  the  copper s ta tus  o f  the 
p la n t  i t s e l f  under a given set  o f  s o i l  and environmental  c o n d i t io n s .  
However, u n l i k e  s o i l  an a ly s is ,  p la n t  a n a ly s is  can on ly  be used t o  
i n d i c a t e  w h e th e r  t h e  p l a n t  was d e f i c i e n t  when sampled.  N u t r i e n t  
supp ly  can e i t h e r  increase or  decrease a f t e r  sampl ing.  Therefore  
sampl ing a t  severa l  stages o f  growth i s  requ i red  so t h a t  any suspected 
Cu d e f i c i e n c y  can be detected and d e a l t  w i t h .  In a d d i t io n  delays in 
a n a l y s i s  may p r e v e n t  measures b e ing  ta k e n  in  t im e  t o  c o r r e c t  any 
de tected d e f i c i e n c y .
Robson and Reuter (1981) discuss p la n t  a n a ly s is  in d e t a i l  and suggest 
t h a t  f o r  cerea l  c rops, the Cu conce n t ra t io ns  in young leaves are much 
more  s e n s i t i v e  and a c c u r a t e  i n d i c a t o r s  o f  Cu s t a t u s  t h a n  
c o n c e n t ra t io n s  in whole shoots o r  g r a in .  The c r i t i c a l  concen t ra t ion  
o f  Cu in young leaves shows less change w i th  p l a n t  age and is  us u a l l y  
u n a f f e c t e d  by e n v i r o n m e n ta l  f a c t o r s  such as w a te r  s t r e s s ,  N .P .K .  
supp ly  and s o i l  type .
Graham and Nambier (1981) quote a range o f  Cu le v e ls  f o r  ce rea ls  below 
which d e f i c i e n c y  u s u a l l y  occurs.  These inc lude  1 mg Cu/kg DM in the 
young leaves o f  wheat p lan ts  and 5 and 4 mg Cu/kg in the shoot a t  
t i l l e r i n g  f o r  b a r l e y  and o a t s  r e s p e c t i v e l y .  C r i t i c a l  Cu 
c onc e n t ra t io n s  f o r  pasture herbage species are impor tant  f o r  animal 
n u t r i t i o n  as Cu d e f i c ie n c y  r a r e l y  a f f e c t s  pasture  product ion and w i l l  
be discussed l a t e r .
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(c ) Biochemical assays
N u t r ie n t  d e f i c i e n c i e s  in p lan ts  can be diagnosed by measuring enzyme 
a c t i v i t y .  A f i e l d  t e s t  based on an assay o f  ascorbate  oxidase has 
been developed f o r  young wheat leaves (Loneragan, 1982). A s im i l a r  
enzyme t e s t  has been deve loped f o r  use w i t h  s u b te r ra n e a n  c l o v e r
(Delhanze e t a i ,  1982).  Both agree well  w i th  p l a n t  a n a ly s is  r e s u l t s
ye t  are f a s t e r  and cheaper. However, f u r t h e r  research is  requi red t o  
t e s t  t h e i r  usefu lness and general v a l i d i t y  as d ia g n o s t i c  t o o l s .  In 
a d d i t io n  the t e s t  has t o  be c a r r ie d  out on leaves a t  s p e c i f i c  stages 
o f  growth and t h e r e fo re  lacks the f l e x i b i l i t y  o f  s o i l  t e s t s .
(d) Summary
S o i l  t e s t s  a re  l e s s  d i r e c t  than  p l a n t  a n a l y s i s  and a re  t h e r e f o r e  
sub jec t  t o  e r r o r s  caused by v a r i a t i o n  in Cu uptake and u t i l i z a t i o n  by 
d i f f e r e n t  p la n t  spec ies .  However, they  are the most conven ien t  o f  a l l  
the  d i a g n o s t i c / p r e d i c t i v e  t e s t s  f o r  m ic ro n u t r i e n ts  as the  sample can 
be c o l l e c te d  a t  any t im e o f  the year.  This enables any necessary 
c o r r e c t i v e  t rea tm en t  t o  be c a r r ie d  out  before the  d e f i c i e n c y  appears. 
However, they are on ly  s u i t a b le  f o r  c rops . When th e  g raz ing  animal is  
present  o the r  f a c to r s  have to  be taken in to  c o n s id e ra t io n  and p la n t  
ana ly s is  is  more usefu l  (see 2 . 3 . 6 ) .
S o i l  t e s t s  a re e m p i r i c a l  and o n l y  th ro u g h  p l a n t  a n a l y s i s  can Cu
d e f i c i e n c y  a c t u a l l y  be conf i rmed. Thus al though s o i l  t e s t s  are b e t t e r  
a t  p r e d i c t i n g  Cu d e f i c i e n c y ,  p l a n t  a n a l y s i s  g i v e s  a much b e t t e r  
i n d i c a t i o n  o f  the  e x te n t  o f  a problem.
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2 .3  COPPER IN RUMINAKTS
The f i r s t  i n d i c a t i o n s  t h a t  Cu was e s s e n t i a l  f o r  g row th  and t h e  
p reven t ion  o f  a wide range o f  c l i n i c a l  and p a tho log ic a l  d iso rde rs  in 
animals were found in the e a r ly  1930s (Har t  e t  a l ,  1928; Cunningham, 
1931; Neal e t  a l ,  1931).  Subsequent ly,  Bennets and Chapman (1937) 
found  t h a t  an a t a x i c  d isease  o f  lambs ( e n z o o t i c  neona ta l  a t a x i a )  
o c c u r r i n g  in  p a r t s  o f  Western A u s t r a l i a  was an e x p re s s io n  o f  Cu 
d e f i c i e n c y  in  th e  ewe dur ing pregnancy. Since then o ther  express ions 
o f  Cu d e f i c i e n c y  and extens ive  C u -d e f i c ie n t  areas have been discovered 
th roughout  the  wor ld .
2 .3 .1  D is tr ib u tio n  o f Copper in the Animal Tissue
The d i s t r i b u t i o n  o f  t o t a l  body Cu among t h e  v a r i o u s  body t i s s u e s  
v a r ie s  w i th  the  age and Cu s ta tus  o f  the animal (Underwood, 1977). 
The l i v e r  i s  th e  main storage organ f o r  Cu in  sheep and may con ta in  
between 40 and 70% o f  t o t a l  body Cu in  animals given an adequate Cu 
d i e t .  However the  l i v e r  Cu concen t ra t ion  o f  sheep can vary w ide ly  (50 
t o  400 mg Cu/kg) even in apparent ly  hea l thy  animals (Underwood, 1977).  
Adamson a t a l (1983) observed t h a t  l i v e r  Cu values f o r  lambs ra ised on 
appa ren t ly  s i m i l a r  feeding regimes va r ied  w ide ly  (500 t o  600 mg Cu/kg 
D.M, in one group and 500 to  1600 mg Cu/kg D.M. in ano the r ) .  Newly 
born lambs when compared w i th  adu l t s  tend t o  have h igher  l e v e ls  o f  Cu 
in  t h e i r  l i v e r s  (Grace, 1983). In ruminants on C u -d e f i c ie n t  d i e t s  the  
hepa t ic  Cu le v e l s  can decrease t o  very  low l e v e l s ,  e .g .  6  mg Cu/kg 
D.M. o r  l e s s .
The blood Cu l e v e ls  o f  sheep given an adequate Cu d i e t  range from 9 .4  
t o  18.9 j jmol /1 (Grace, 1983). Under C u - d e f i c i e n t  co n d i t io n s  and when
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l i v e r  s to res  become dep le ted ,  blood Cu l e v e ls  can f a l l  t o  below 4.9 
^ m o l / 1  (Smith and Coup, 1973).
L i t t l e  r e l i a b l e  in fo rm a t ion  is  a v a i l a b le  on the  range and v a r i a b i l i t y  
o f  t h e  Cu c o n t e n t  o f  t h e  wool o f  sheep.  The Cu c o n t e n t  v a r i e s  
s i g n i f i c a n t l y  w i t h  sheep breed and d i e t  (Wool iams e t  a l ,  1983 ) ,  
However a k i log ram  o f  wool u s u a l l y  con ta ins  6  t o  8  mg o f  Cu (Grace, 
1983).
2 . 3 . 2  Metabol ism o f  Copper
Copper has a number o f  im p o r t a n t  b i o c h e m ic a l  f u n c t i o n s  in  t h e  
ruminan t.  These are r e f l e c t e d  in the  var ious  m an i fes ta t ion s  o f  Cu 
d e f i c i e n c y  which w i l l  be discussed l a t e r .
The absorp t ion  o f  Cu occurs in the I n t e s t i n a l  reg ion and p a r t i c u l a r l y  
in the  la rge  i n t e s t i n e  (Grace, 1975). In most species Cu i s  poo r ly  
absorbed, the  amount i s  in f luenced by; the  c o nc e n t ra t io n  and chemical 
form o f  the Cu ingested,  the d i e ta r y  le v e ls  o f  o the r  metal ions and 
o rgan ic  substances (see l a t e r )  and by the age o f  the animal.  Mature 
sheep normal ly  u t i l i s e  less  than 10% o f  the  Cu ingested w h i le  young 
lambs u t i l i s e  4 t o  7 t im e s  t h i s  p r o p o r t i o n  ( S u t t l e ,  197 3 ) .  The 
mechanisms t h a t  regu la te  Cu absorp t ion are not we l l  understood.
Copper  e n t e r i n g  t h e  b lood  plasma becomes l o o s e l y  bound t o  serum 
a lbum in  and amino a c i d s  in  wh ich fo rm i t  i s  d i s t r i b u t e d  t o  t h e  
t i s s u e s .  In a d d i t i o n  around 90% o f  Cu in the  plasma is  found f i r m l y  
bound as t h e  b l u e  Cu p r o t e i n  c e r u l o p l a s m i n .  C e ru lo p la s m in  i s  a 
f e r ro x id a s e  enzyme invo lved in i ron  u t i l i s a t i o n  and in promot ing the  
r a te  o f  Fe s a tu r a t i o n  o f  t r a n s f e r r i n  in the  plasma. I t  does not p lay
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a r o le  in Cu t r a n s p o r t  (Underwood, 1977),
Some 60% o f  t o t a l  red  c e l l  c o p p e r  o c c u r s  as t h e  p r o t e i n
e r y th r o c u p r e in . Th is  p ro te in  fu n c t io n s  as a superoxide dismutase, 
i . e .  i t  ca ta lyse s  the  d ismuta t ion  o f  superoxide r a d ic a ls  in to  hydrogen 
perox ide  and oxygen.
The Cu reaching the  l i v e r ,  the main storage organ o f  the body, i s  
incorpora ted  i n t o  the  m itochondr ia ,  microsomes, nuc le i  and parenchymal 
c e l l s  in p ro p o r t io n s  which vary w i th  the Cu s ta tu s  o f  the animal
(M i lne  and Weswig, 1968).  The Cu is  then e i t h e r  s tored here o r  i s
released f o r  in c o rp o ra t io n  in to  enzymes.
The p ro te in  M e ta l lo th io n e in  (MT) i s  thought  t o  p lay  an impor tant  r o le  
in the  b ind ing  o f  Cu in the l i v e r .  Increases in l i v e r  Cu le v e ls  are 
associated w i th  an inc reas ing  amount o f  MT and i t  has been proposed 
t h a t  i t  has a r o le  in c e l l u l a r  d e t o x i f i c a t i o n  (Bremner, 1974).
I t  has also been suggested t h a t  MT ac ts  as a temporary Cu s to re  p r i o r
t o  i t s  u t i l i s a t i o n  in  o t h e r  enzymes (Bremner  and D a v ie s ,  1 97 4 ) .  
S i m i l a r l y  i t  has been shown t h a t  MT has an impor tant  r o le  in hepa t ic
Cu accumulat ion in man by b ind ing  copper as Cu MT (Elmes, 1987).
However at tempts  to  i n v e s t ig a te  i t s  r o le  in Cu metabol ism have been 
f r u s t r a t e d  by la c k  o f  s u i t a b l e  a n a l y t i c a l  p ro c e d u re s  f o r  i t s  
measurement (Bremner e t  a l ,  1985). There fore  desp i te  the  a c t i v i t y  o f  
many researchers  the  ac tua l  fu n c t io n  o f  MT is  s t i l l  unc lea r ,
A high p ro p o r t io n  o f  the ingested Cu is  excreted in the  faeces w h i le  
very  l i t t l e  i s  l o s t  in the  u r in e .  B i l e  i s  considered t o  be the major 
e x c re t io n  rou te  f o r  Cu in the body w h i le  d ig e s t i v e  t r a c t  sec re t ion s
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a lso  ac t  in t h i s  way but  t o  a le sse r  ex ten t  (Grace and Gooden, 1980).
2 ,3 .3  Copper D efic iency and Functions
S i tu a t i o n s  o f  marginal  Cu s ta tu s  amongst ruminants on upland and h i l l  
farms in the  U.K. are a l ready  common and may in f a c t  increase as 
pastures are improved ( S u t t l e ,  1983b). Cu d e f i c i e n c y  occurs when the  
g raz ing  animal does not absorb enough d i e ta r y  Cu t o  meet i t s  metabo l ic  
requ i rement.  A number o f  f a c to r s  may l i m i t  the  na tu ra l  a v a i l a b i l i t y  
o f  t r a c e  elements t o  the animal and thus lead t o  the  es tab l ishment  o f  
d i e t a r y  d e f i c i e n t  s t a te s .
In many areas, because o f  the  p a r t i c u l a r  geo log ica l  fea tu res  o f  the  
land,  the  s o i l  and thus the  herbage on i t  are i n h e r e n t l y  low in Cu and 
t h i s  l e a d s  t o  Cu d e f i c i e n c y  in  t h e  g r a z in g  l i v e s t o c k .  P a s tu r e  
d e f i c i e n c y  may a l s o  a r i s e  s e c o n d a r i l y ,  o f t e n  in a reas w i t h  no 
n a t u r a l l y  o c c u r r in g  Cu d e f i c i e n c y ,  though the  e f f e c t s  o f  improving 
h i l l  pasture  (Evans, 1983). The bas ic  aim o f  pasture  improvement i s  
t o  rep lace swards o f  low d ry  mat te r  p roduc t ion .  Th is  invo lves  removal 
o r  suppress ion o f  indigneous p la n t  species and the  a p p l i c a t i o n  o f  
l im e ,  f e r t i l i s e r  and new seed. When t h i s  is  c a r r i e d  out on s o i l s  w i th  
low o r  marginal  Cu l e v e l s ,  the  reseeding and increased p roduc t ion  
depresses herbage Cu conce n t ra t io ns  through a d i l u t i o n  e f f e c t  (Evans, 
1 9 8 3 ) .  However Cu d e f i c i e n c y  in  rum inan ts  can a l s o  o c c u r  when 
reseeding has resu l ted  in herbage w i th  Cu conce n t ra t io ns  s im i l a r  t o  o r  
even h igher  than they  were be fore  improvement. Th is  occurs as l im in g  
increases the  a v a i l a b i l i t y  o f  Mo and S t o  the  herbage. These two 
elements are an tagon is ts  which i f  present in s u f f i c i e n t  amounts can 
reduce Cu a b s o r p t i o n  by ru m in a n ts  (see 2 , 3 . 6 ) .  Thus d e s p i t e
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s u f f i c i e n t  Cu in the herbage, the a n ta g o n is t i c  e f f e c t  o f  the  increased 
Mo and S c onc e n t ra t io ns ,  r e s u l t i n g  from the  improvements, leads t o  Cu 
d e f i c i e n c y  in the  g raz ing  l i v e s t o c k .
Another  secondary Cu d e f i c ie n c y  problem in ruminants is  found on t e a r t  
pastures where the  Cu d e f i c ie n c y  occurs as a r e s u l t  o f  in h e r e n t l y  high 
Mo c o n c e n t r a t i o n s  in  t h e  s o i l  and he rbage .
When a n im a ls  have i n s u f f i c i e n t  Cu in  t h e i r  d i e t  t o  m a in t a i n  body 
s to re s ,  they  become Cu dep le ted.  The animal may f i r s t l y  reac t  t o  
conserve those s to res  which remain by inc reas ing  absorp t ion  e f f i c i e n c y  
and decreasing endogenous losses.  In t h i s  way the  animal may be 
sus ta ined f o r  some months, e s p e c ia l l y  where i t  has s u b s ta n t ia l  i n i t i a l  
reserves ,  w i th ou t  becoming C u -d e f i c ie n t .
E v e n tu a l l y  however cont inued d e p le t io n  w i l l  lead t o  d e f i c i e n c y  and 
t h i s  i s  marked by b i o l o g i c a l  s igns t h a t  the  homeostat ic mechanisms are 
no l o n g e r  m a i n t a i n i n g  a c o n s t a n t  p h y s i o l o g i c a l  a c t i v i t y  ( S u t t l e ,  
1 9 8 3 ) .  For  example,  plasma Cu c o n c e n t r a t i o n s  in  sheep wh ich  a re  
u s u a l l y  above 9.4 j jm o l / l  begin t o  d e c l in e  when the d i e t  does not  meet 
th e  animals requirement  f o r  Cu. A t r a n s i t i o n  from a d e f i c i e n c y  s ta te  
t o  one o f  d i s o rd e r  occurs l a t e r  and c l i n i c a l  symptoms become apparent .
A schematic rep resen ta t ion  o f  the sequence o f  events which may occur  
when sheep are fed a C u -d e f i c ie n t  d i e t  i s  g iven in  F igure  2 ,2 .  The 
absence o f  body s to res  o r  the  presence o f  an tagon is ts  may r e s t r i c t  the  
d e p le t io n  stage. Advancing m a tu r i t y  may extend the d e p le t io n  and 
d e f i c i e n c y  stages.  The f i g u r e  a lso prov ides an exp lana t ion  f o r  the  
poor c o r r e l a t i o n  between the t ra c e  element con ten t  o f  the  d i e t  and the  
inc idence  o f  c l i n i c a l  d isease a t  any moment in t ime.
48
Figure 2 .2
Sequence o f events in Cu dep letion  (S u ttle#  1983b)
1. L i v e r  (s to rage)
2 , Plasma ( t r a n s p o r t )
Size o f
copper
pool
3.  Tissue enzyme ( f u n c t i o n )
4. C l i n i c a l  s igns
Dep le t ion
The number o f  impor tan t  b io lo g ic a l  functons t h a t  Cu has i s  r e f l e c te d  
in the  var ious  m an i fes ta t ion s  o f  Cu d e f i c i e n c y  l i s t e d  below:
(a ) Anaemia and iron metabolism
Copper is  invo lved in a t  le a s t  two stages in the  metabo l ic  events 
l e a d i n g  t o  haemoglob in  s y n t h e s i s .  T h e r e f o r e  anaemia i s  a common 
e x p r e s s i o n  o f  Cu d e f i c i e n c y  where t h e  d e f i c i e n c y  i s  severe  o r  
p r o lo n g e d .  Cu d e f i c i e n c y  reduces  t h e  amount o f  c e r u l o p l a s m i n  
( fe r ro x id a s e )  in the  plasma thereby reducing the amount o f  Fe^^ formed 
and s topping Fe m o b i l i s a t io n  between the plasma Fe and the  t i s s u e  
s to re s  (F r ieden ,  1978). Thus Cu through ceru lop lasmin  has a c r i t i c a l  
r o l e  in m o b i l i s i n g  absorbed Fe f o r  haemoglobin syn thes is  and t h i s  i s  
reduced under C u -d e f i c ie n t  c o n d i t i o n s .  The release o r  i ron  from l i v e r  
parenchymal c e l l s  i s  a lso reduced.
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(b ) Bone disorders
Bone d iso rd e rs  are not u s u a l l y  a conspicuous fea tu re  o f  Cu d e f i c i e n c y  
in ruminants,  however, f r a c tu r e d  bones have been reported and S u t t l e  
a t  a l (1972) has reported os teopo ros is  (abnormal p o ro s i t y  o f  bone) in 
bones from 1 0  week old lambs born t o  ewes which had been maintained on 
a C u - d e f i c i e n t  d i e t  f o r  2  y e a r s .  The a u th o r s  c o nc lude d  t h a t  
o s t e o b la s t i c  a c t i v i t y  ( the  bone c e l l  forming processes in the  foe tus )  
i s  one o f  the f i r s t  f u n c t io n s  t o  be impaired in lambs born t o  Cu- 
d e f i c i e n t  ewes.
These s k e le ta l  a bn o rm a l i t ie s  appear t o  be re la ted  t o  the  reduc t ion  in 
th e  a c t i v i t y  o f  the Cu enzyme l y s y l  ox idase.  This  is  respons ib le  f o r  
t h e  f o r m a t i o n  o f  c r o s s  l i n k a g e s  in  t h e  p o l y p e p t i d e  c h a i n s  o f  
s t r u c t u r a l  p ro te in s  such as c o l la g e n .  Reduced enzyme a c t i v i t y  leads 
t o  a reduc t ion  in the  number o f  cross l inkages  in the bone co l lagen  
(Rucker e t  a l ,  1969).
(c ) Neonatal a tax ia  (swayback)
Neonatal a ta x ia  is  a nervous d i s o rd e r ,  cha rac te r ised  by in c o o rd in a t io n  
o f  movement and high m o r t a l i t y .  I t  has been recognised f o r  many years 
in  d i f f e r e n t  p a r t s  o f  t h e  w o r ld  and i s  c a l l e d  swayback in  G re a t  
B r i t a i n ,  A u s t r a l i a  and New Z e a la n d .  I t  was f i r s t  i d e n t i f i e d  by 
Bennets and Chapman (1937) and a r is es  from subnormal l e v e ls  o f  Cu in 
t he  blood and t i s s u e s  o f  ewes dur ing  pregnancy. The disease may be 
prevented by Cu supp lementat ion o f  the ewe.
Swayback has been e x p e r im e n ta l ly  produced in  lambs born t o  ewes on a 
C u - d e f i c i e n t  d i e t  (Lewis e t  a l ,  1967) and by ma in ta in ing  ewes o f  low 
copper s ta tu s  on a high Mo and S in take  ( F e l l  e t a l ,  1961; S u t t l e  and
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Fi e l d ,  1968).
Two t y p e s  o f  a t a x i a  o c c u r  i n  l a m b s .  The commonest  f o r m  i s  
" c o n g e n i ta l "  which appears a t  b i r t h  and the  o the r  is  "de layed"  in 
which c l i n i c a l  s igns do not  appear f o r  several  weeks. A s t i f f  and 
s tagger ing  g a i t  and swaying o f  the  hind qua r te r  are ev iden t  as the  
d isease develops.
The d i s o rd e r  is  complex and assoc ia ted w i th  both les ions  in the  b ra in  
and s p i n a l  c o r d ,  and t h e  dem ye 1 i n a t i o n  o f  t h e  n e r v e  f i b r e s  
(C u n n in g h a m ,  195 0 ;  H o w e l l  and P a s s ,  1 9 8 1 ) .  The l e s i o n s  a r e  
i r r e v e r s i b l e  and may begin to  form as e a r l y  as 6  weeks be fore  b i r t h  
and c o n t i n u e  u n t i l  p a r t u r i t i o n .  I t  has been suggested  t h a t  Cu 
d e f i c i e n c y  le ads  t o  a l o w e r in g  o f  t h e  a c t i v i t y  o f  s e v e r a l  Cu- 
c o n ta in in g  enzymes, in c lu d in g  cythochrome ox idase,  which r e s u l t s  in a 
reduc t ion  in the amounts o f  the  phospho l ip ids  which are impor tan t  
c o n s t i t u e n t s  o f  the myel in sheath around the  nerve f i b r e  (Howell and 
Pass, 1981),
Swayback is  cha rac te r ised  by p rog ress ive  cerebra l  dem ye l ina t ion ,  which 
r e s u l t s  in p a ra l y s i s  and a l l  lambs s u f f e r i n g  from i t  d i e .  Death is  
u s u a l l y  the  r e s u l t  o f  s t a r v a t i o n  due t o  an i n a b i l i t y  t o  r i s e  and 
suck le  ra th e r  than a d i r e c t  Cu d e f i c i e n c y  e f f e c t .
(d ) Loss o f wool pigmentation
Pigmenta t ion o f  wool is  dependent upon the conversion o f  t y r o s i n e  t o  
m e la n in  wh ich i s  c a t a l y s e d  by C u - c o n t a i n i n g  p o ly p  h e n y lo x id a s e s  
(Underwood, 1981).  Pigmentat ion is  very s e n s i t i v e  t o  changes in Cu 
l e v e l s  and a l t e r n a t i n g  bands o f  unpigmented and pigmented wool can be 
produced in sheep success ive ly  depr ived o f  and supplemented w i th  Cu.
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Prolonged Cu d e f i c i e n c y  can r e s u l t  in the wool o f  b lack sheep t u r n in g  
w h i t e .  These m a n i f e s t a t i o n s  can oc c u r  on d i e t a r y  Cu i n t a k e s  
s u f f i c i e n t  to  prevent  o the r  d e f i c i e n c y  symptoms.
(e ) D efective k é ra tin is a tio n  o f wool
The loss  o f  cr imp in wool is  a c h a r a c t e r i s t i c  o f  C u -d e f i c ie n t  sheep, 
p a r t i c u l a r l y  in the  f i n e  wool breeds such as the Merino. As the  
an im a l 's  Cu reserves are depleted th e  c h a r a c t e r i s t i c  cr imp o f  the  wool 
i s  l o s t  and f i b r e s  emerge as almost s t r a i g h t  h a i r l i k e  growth.  Th is  i s  
termed s t r i n g y  o r  s t e e ly  wool (Lee, 1956).  The phys ica l  p r o p e r t i e s  o f  
wool i n c l u d i n g  c r im p in g  are  dependent  on th e  f o r m a t i o n  o f  t h e  
d i s u l p h i d e  bonds wh ich p r o v i d e  t h e  c ro s s  l i n k a g e s  in  t h e  k e r a t i n  
s t r u c t u r e  and the  o r i e n t a t i o n  o f  the  long chain k e r a t in  f i b r i l l a e  in 
the  f i b r e .  These processes have been shown t o  be dependent on the  
presence o f  Cu (Bur ley  and Dekoch, 1957).
2 .3 .4  Diagnosis o f Copper D efic iency
Th is  sec t ion  w i l l  deal p r im a r i l y  on the  diagnos is o f  Cu d e f i c i e n c y  in 
sheep as the  p r o je c t  was c a r r i e d  ou t  w i th p a r t i c u l a r  re fe rence  t o  
these animals.
A l t h o u g h  c l i n i c a l  symptoms o f  Cu d e f i c i e n c y  in  sheep a re  h i g h l y  
c h a r a c t e r i s t i c ,  e .g .  swayback, they  on ly  occur under c o n d i t i o n s  o f  
s e v e re  o r  p ro lo n g e d  d e f i c i e n c y .  In  a d d i t i o n ,  t h e  i n c i d e n c e  and 
s e v e r i t y  o f  Cu d e f i c i e n c y  v a r i e s  f rom yea r  t o  y e a r  ( S c o t t i s h  
A g r i c u l t u r a l  C o l l e g e s ,  1982 ) .  H ig h e r  i n c id e n c e s  o f  swayback a re  
associated w i th  mi ld  wet weather in February and March w h i le  long 
per iods  o f  co ld  weather o r  snow tend t o  decrease the i n c id e n t  ra te  
probab ly  due to  the  p ro v is io n  o f  supplementary feed ing.
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Copper d e f i c i e n c y  more o f ten  man i fes ts  i t s e l f  in c ove r t  o r  s u b c l i n i c a l  
forms, e .g .  i l l  t h r i f t ,  anaemia o r  os teopo ros is .  Therefore un less a 
p r e v i o u s  h i s t o r y  o f  Cu d e f i c i e n c y  as swayback e x i s t s ,  s u p p o r t i n g  
d ia g n o s t i c  techniques are requ i red  t o  p r e d i c t  the p o s s i b i l i t y  o f  Cu 
d e f i c i e n c y .  In a d d i t io n  al though swayback is  h ig h ly  c h a r a c t e r i s t i c  o f  
Cu d e f i c i e n c y  i t  is  not  always s p e c i f i c  and a f i n a l  d iagnosis  cannot 
be made u n t i l  a f t e r  a pa th o lo g ic a l  examinat ion .
(a )  Id e n t if ic a t io n  procedures
( i )  So i l  and pasture ana lys is
Unambiguous d iagnos is  o f  r i s k  t o  l i v e s to c k  is  on ly  poss ib le  
under very l im i t e d  c o n d i t io n s  where s o i l  Cu le v e ls  are very  
low. The S c o t t i s h  A g r i c u l t u r a l  Col leges (1982) have l i s t e d  the  
main s o i l  a s s o c i a t i o n s  o f  S c o t la n d  and d e s ig n a te d  t h e  r i s k  
f a c t o r  o f  low Cu c onc e n t ra t io ns  in summer herbage f o r  each s o i l  
s e r ie s  w i th in  the  a s s o c ia t io n .  Low r i s k  s o i l  se r ies  would be 
ex pec ted  t o  g i v e  5 t o  9 mg/Cu/kg D.M. in  summer he rbage ,  
moderate r i s k  se r ies  4 t o  8  mg Cu/kg D.M. and high r i s k  s e r ies  
3 t o  6  mg Cu/kg D.M. However most cases o f  Cu d e f i c i e n c y  in 
sheep occur where s o i l  Cu l e v e l s  are apparen t ly  f u l l y  adequate.
Herbage Cu a n a ly s i s ,  w h i l s t  not  a f fe c ted  by s o i l  con tam inat ion ,  
i s  s u b j e c t  t o  f l u c t u a t i o n s  due t o  s p e c ie s  and seasona l  
v a r i a t i o n s  and ana lys is  t h e r e fo r e  on ly  in d ic a tes  the Immediate 
s i t u a t i o n .  In f a c t  herbage Cu le v e ls  can be misleading unless 
o th e r  elements w i th  which Cu i n t e r a c t s ,  p a r t i c u l a r l y  molybdenum 
and su lphu r ,  are a lso determined . However a herbage Cu con ten t  
o f  over  10 mg/kg D.M. i s  u n l i k e l y  t o  r e s u l t  in C u - d e f i c ie n t  
sheep (Underwood, 1981).
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(11) Blood and l i v e r  ana ly s is
Blood and l i v e r  ana lys is  f o r  Cu provides a bas is  f o r  assessing 
the Cu s ta tus  o f  an an imal.  The l i v e r  i s  the  main s torage 
organ o f  the body f o r  Cu so t h a t  l i v e r  Cu c once n t ra t io ns  would 
be expected to  p rov ide  a use fu l  index o f  the  copper s ta tu s  o f  
t h e  a n im a l .  However l i v e r  Cu c o n c e n t r a t i o n s  v a lu e s  v a r y  
g r e a t l y  w i t h  t h e  s p e c ie s  and age o f  an imal and a l s o  w i t h  
the  nature o f  the d i e t  (Underwood, 1981). In a d d i t io n  l i v e r  
sampling requ i res  surgery  and i s  th e re fo re  not o f te n  undertaken 
in the U.K. and in f a c t  is  u s u a l l y  done on ly  a f t e r  death o f  the  
animal.  L i v e r  Cu de te rm ina t ion  on post mortem m a te r ia l  Is 
. t h e re fo re  on ly  usefu l  f o r  c on f i rm a to ry  d iagnos is .
Whole blood o r  plasma Cu de te rm ina t ions  are probably  the  most 
useful  methods f o r  e s t a b l i s h i n g  hypocupraemia (Cu d e f i c i e n c y )  
in l i v e s t o c k .  They are r e l a t i v e l y  e a s i l y  obta ined and can be 
taken repeated ly  over  a long per iod o f  t im e .  However, plasma 
copper l e v e ls  do vary between sheep breeds (Wiener and F i e l d ,  
1974; Wiener e t  a l ,  1978) even when maintained to g e th e r  as a 
s in g le  f l o c k .  S c o t t i s h  Blackface sheep have been shown t o  have 
a lower plasma Cu s ta tu s  than Welsh Mountain sheep when both 
breeds are kept under the  same c ond i t ion s  (Wiener e t  a l ,  1969).
Wiener and F ie ld  (1974) showed t h a t  the re  is  a steady d e c l in e  
in plasma Cu s ta tu s  o f  a grass land f lo c k  from November through 
t o  June fo l lowed by a p a r t i a l  recovery over  the summer, when 
the sheep are f re e  from com p l ica t ions  o f  pregnancy and copper 
supp lementat ion .  The values are f u r t h e r  in f luenced  by age, and 
Mo and S in takes  (Underwood, 1981). Desp i te these l i m i t a t i o n s
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plasma Cu le v e ls  are e a s i l y  fo l lowed over  a season and are 
s t i l l  the  s in g le  most usefu l  d iagno s t i c  t o o l .  However data 
from blood and l i v e r  a n a ly s is  cannot be used t o  d i s c r im in a t e  
animals in which c l i n i c a l  d e f i c ie n c y  i s  imminent from those 
l i k e l y  t o  remain r e l a t i v e l y  hea l thy  desp i te  a low Cu s ta tu s .  
The f a c to r s  provoking the  appearance o f  c l i n i c a l  s igns  In low 
Cu sheep have no t  been i d e n t i f i e d .  Thus,  d e c i s i o n s  as t o  
app rop r ia te  th resho ld  values f o r  the Cu con ten t  o f  blood o r  
l i v e r  are a r b i t r a r y  but are o f  value f o r  i d e n t i f y i n g  groups o f  
animals in which the  r i s k s  o f  development o f  Cu d e f i c i e n c y  are 
h i g h . The c r i t e r i a  in T a b le  2 .7  are  suggested  f o r  t h e  
i n t e r p r e t a t i o n  o f  t i s s u e  Cu ana lys is  r e s u l t s .
( i i i )  Blood copper enzyme a c t i v i t y
As p re v io u s ly  mentioned ( s e c t io n  2 .3 .2 )  several Cu c o n ta in in g  
enzymes are present  in the  b lood.  A loss o f  enzyme a c t i v i t y  
when Cu supp ly is  inadequate o f f e r s  an a l t e r n a t i v e  p o s s i b i l i t y  
f o r  the  measurement o f  Cu s ta tu s .  Todd (1970) showed t h a t  
c e r u l o p l a s m i n  e s t i m a t i o n s  c o u ld  p r o v id e  an e f f e c t i v e  Cu 
de te rm ina t io n .  However as some 80% o f  plasma Cu e x i s t s  as 
ceru lop lasmin and a high c o r r e l a t i o n  e x i s t s  between values o f  
ce ru lop lasmin  and plasma Cu s ta tus  t h i s  o f f e r s  l i t t l e  advantage 
in s e n s i t i v i t y .
P lasma monoamine o x i d a s e  and l i v e r  c y t o c h r o m e  o x i d a s e  
a c t i v i t i e s  a lso prov ide ind ice s  o f  Cu s ta tus  but M i l l s  e t  a l  
(1976)  conc lude d  from s t u d i e s  w i t h  c a l v e s  t h a t  " e x i s t i n g  
b i o c h e m i c a l  t e c h n i q u e s  a r e  s t i l l  o f  l i m i t e d  v a l u e  f o r  
p r e d i c t i n g  the  speed o r  ex te n t  t o  which an i n d iv i d u a l  w i l l
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develop ove r t  s igns o f  d e f i c i e n c y " .
Table 2 .7
Suggested c r i t e r ia  fo r  the In te rp re ta tio n  o f tiss u e  
copper analysis (from S.A.C.# 1982 and Grace, 1983)
Tissue
Plasma or  whole blood 
Cu (jjmol Cu/ 1  )
18 .9 -9 .4
9 .4 -4 ,7
<4.7
In te rp re ta tio n
Normal.
C l i n i c a l  symptoms p o s s i b l e ,  c o v e r t  
p a t h o l o g i c a l  changes may a l r e a d y  be 
e s t a b l i s h e d .
C l i n i c a l  symptoms l i k e l y ,  c o v e r t  
p a th o lo g ic a l  changes almost c e r t a i n l y  
e s t a b l i s h e d .
L i v e r  Cu (mg Cu/kg D.M.) 
>30 
30-10
>10
Cu d e f i c i e n c y  u n l i k e l y .
I n a d e q u a t e  h e p a t i c  Cu r e s e r v e s ;  
c l i n i c a l  and co v e r t  p a th o lo g ic a l  changes 
may become es ta b l is h e d .
Increased p r o b a b i l i t y  o f  pa th o lo g ic a l  
and c l i n i c a l  e f f e c t s  from Cu d e f i c i e n c y .
S u t t l e  and McMurray (1983) have used e r y th ro c y te  superoxide dismutase
t o  t r y  and p r e d i c t  hypocuprosis  w i th  some success bu t  found i t  less
use fu l  than plasma and l i v e r  c once n t ra t io ns  i f  high Mo induced the
c l i n i c a l  d e f i c ie n c y .
2 .3 .5  Requirements fo r  Copper
The A g r i c u l t u r a l  Research Counc i l  (1980) have used a q u a n t i t a t i v e  
approach t o  assess t h e  Cu r e q u i r e m e n ts  o f  sheep. T h i s  i n c l u d e s
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c o n s id e ra t io n  o f  a l l  aspects o f  Cu metabol ism Inc lud ing  the  e f f e c t s  o f  
d i e t a r y  an tagonis ts  on Cu absorp t ion  and u t i l i s a t i o n .  The amount o f  
absorbable Cu requi red by sheep v a r ie s  w i th  age, we igh t,  pregnancy and 
l a c t a t i o n .  The absorbable Cu requ i red  f o r  5, 10, 20, 30 and 40 kg 
growing sheep and an a d u l t  animal were 0 .2 ,  0 .2 ,  0.25,  0.50 and 0.22 
mg Cu/Day r e s p e c t i v e ly .  In  pregnancy 0.63 mg Cu/day Is  requ ired as 
the  minimal In take I f  d e f i c i e n c y  Is  t o  be avoided.
They a l s o  s t a t e  t h a t  p ro v id e d  t h e  a v a i l a b i l i t y  o f  t h e  Cu Is  n o t  
g r e a t l y  Inf luenced by d i e t a r y  f a c to r s  such as Mo and S and the  dry  
m a t te r  Intakes are adequate then pastures con ta in ing  5 to  6  mg/kg 
should meet the Cu requirements o f  sheep,
2 ,3 .6  Factors In fluencing  the Absorption o f Copper
Desp ite  apparent ly  adequate pasture  Cu le v e ls  graz ing sheep may s t i l l  
show signs o f  Cu d e f i c ie n c y  or  respond t o  Cu supplements.  Th is  type  
o f  Cu d e f i c i e n c y  Is  an Induced Cu d e f i c i e n c y  and r e f l e c t s  an 
Impairment In the  absorp t ion  or  u t i l i s a t i o n  o f  Cu as a r e s u l t  o f  
I n te r fe re n c e  by d i e ta r y  f a c to r s  (Cunningham e t a l ,  1956; M i l l s  e t a l ,  
1978; Smith and Coup, 1973).
In  g raz ing  sheep absorp t ion  o f  Cu from herbage Is dependant upon the  
herbage Mo and S le v e ls  (Grace, 1983).  S u t t l e  (1974) showed t h a t  both 
o r g a n i c  S (as m e th io n in e )  and I n o r g a n i c  S d i r e c t l y  a f f e c t  Cu 
abso rp t ion .  Inc reas ing  the  S and /or  Mo content  w i l l  decrease the  Cu 
a b s o r p t i o n .  S u t t l e  (1983a)  c onc lude d  t h a t  Cu a b s o r p t i o n  I s  most 
I n h ib i t e d  by 4-6 mg Mo/kg D.M. and t h a t  I n h i b i t i o n  o f  S^”  p roduc t ion  
a t  h igher  l e v e ls  o f  Mo may g ive  r i s e  t o  a recovery In Cu abso rp t ion .
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The mechanism o f  the Cu x Mo x S In te ra c t io n  Is not f u l l y  understood 
des p i te  over  20 years In te ns ive  research. The pr imary  s i t e  o f  t h e i r  
I n t e r a c t i o n  Is  In t h e  g u t  (Underwood, 1981 ) .  D ic k  e t  a l (1975) 
proposed t h a t  here su lph ide  and molybdenum form th iomolybdate  which 
then reacts  w i th  copper t o  form h ig h ly  Inso lub le  copper th iomolybdate 
CuMoS^. S u t t l e  (1975)  and M i l l s  e t  al (1978)  a l s o  s u p p o r t  t h i s  
hypo thes is .
S u t t l e  (1983a) has der ived  a r e la t i o n s h ip  to  es t im ate  the  abso rp t ive  
e f f i c i e n c y  o f  Cu d iges ted  by the  ruminant In the presence o f  va r ious  
Mo and S le v e ls  in th e  herbage. The r e la t i o n s h ip  f o r  summer herbage 
I s ;
Cu absorp t ion (%) = 5.71 -  1.2795 log^ Mo + 0.227 Mo x S
where S and Mo are herbage concen t ra t ions  In g/kg D.M. and mg/kg D.M. 
r e s p e c t i v e l y .  Equat ions have a lso  been devised d e s c r ib in g  the  e f f e c t s  
o f  Mo and S In s e m ip u r i f i e d  d i e t s  ( S u t t l e  and McLauchlan, 1976).
W h i te la w  e t  a l (1979)  dem ons t ra ted  th e  Im po r tance  o f  even sm a l l  
changes In Mo and S c oncen t ra t ions  In herbage. In Instances where 
pas ture  Improvements produced Increased Mo and S con c e n t ra t io n s ,  which 
al lowed growth responses In lambs supplemented by Cu t o  be observed. 
Absorp t ion o f  Cu from autumn herbage Is even lower than from summer 
herbage ( S u t t l e ,  1981c) due to  Mo and S increases.
The Cu:Mo r a t i o  I s  t h e r e f o r e  a l s o  I m p o r ta n t  in  p r e d i c t i n g  t h e  
l i k e l i h o o d  o f  Cu d e f i c i e n c y  o r  t o x i c i t y ;  however t h e r e  Is  l i t t l e  
agreement on the  c r i t i c a l  r a t i o  (Underwood, 1981). Al loway (1973) 
suggests a r a t i o  o f  more than 4:1 t o  avoid hypocuprosis In sheep wh i le
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M i l t im o re  and Mason (1971) suggest 2 :1 .
Cadmium and Iron have a lso  been shown t o  reduce s i g n i f i c a n t l y  the  
absorp t ion  o f  Cu by ruminants ( M i l l s  e t  a i ,  1972; Campbell e t  a l ,
1974).  Thornton and Abrahams (1981) have shown t h a t  s o i l  in g e s t io n  Is 
a pathway o f  metal In take  In to  graz ing  l i v e s t o c k .  Grazing sheep can 
I n v o l u n t a r i l y  I n g e s t  up t o  300 g s o i l  pe r  k i l o g r a m  herbage D.M. 
e s p e c i a l l y  when herbage c o ve rag e  1 s poor  ov e r  t h e  w i n t e r  months 
( T h o r n t o n ,  1974; H ea ly  e t  a l ,  1 97 4 ) .  These s o r t  o f  l e v e l s  were 
f u r t h e r  subs tan t ia ted  by McGrath e t  al (1982b) who found t h a t  sheep 
Ingested up to  600 g s o i l  per kg body weight between November and May. 
S u t t l e  e t al (1975) have shown t h a t  s o i l  Ingest ion  decreases d i e t a r y  
Cu u t i l i s a t i o n  by sheep.  The e f f e c t s  o f  s o i l  i n g e s t i o n  on Cu 
absorp t ion  are though t  t o  be due t o  the Fe content  o f  s o i l  ( S u t t l e  e t  
a l ,  1982). S u t t l e  e t  a l (1984) a lso suggested t h a t  s o i l  I nges t ion  
Impai rs  Cu absorp t ion in sheep by t rap p in g  S, as heavy metal su lph ides  
such as FeS and re lea s ing  su lph ide  1n the a d d  abomasum. Al though the  
e f f e c t  o f  Fe on Cu abso rp t ion  has been demonstrated, the  ac tua l  e f f e c t  
o f  the  s o i l ,  a l though thought  t o  be re la ted  t o  Fe In the  s o i l  i s  
unc lea r .
2 .4  CORRECTION OF COPPER DEFICIENCY
A w ide v a r i e t y  o f  c o p p e r  so u rc e s  have been e v a lu a te d  f o r  t h e i r  
e f fe c t i v e n e s s  as f e r t i l i s e r s  f o r  the  c o r re c t i o n  o f  Cu d e f i c i e n c y  In 
p la n ts  and animals.  They work e i t h e r  by Increas ing the  c o n c e n t ra t io n  
o f  p la n t  a v a i la b le  Cu In the  s o i l  o r  by supply ing Cu d i r e c t l y  t o  the 
p la n t  f o l i a g e .  In a d d i t i o n  to  pas ture t rea tment  a v a r i e t y  o f  d i r e c t  
animal t reatments  have been used e i t h e r  o r a l l y  o r  by I n j e c t i o n .
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2 .4 .1  Plants
Copper s u l p h a t e  (CuS0 ^ . 5 H2 0 ) ,  cup rous  o x id e  (CU2 O),  copper  o r e s ,  
copper carbonates,  copper s lags,  copper f r i t s ,  va r iou s  Cu mixes w i th  
superphosphate o r  N.P.K. f e r t i l i s e r s  and a v a r i e t y  o f  che la ted copper 
compounds have a l l  been found t o  be equa l ly  e f f e c t i v e  In t r e a t i n g  Cu 
d e f i c i e n c y  ( C a l d w e l l ,  1971; Barnes and Cox, 197 3) .  However wide 
v a r i a t i o n s  e x i s t  In the  amount o f  copper app l ied  t o  s o i l s  f o r  the 
c o r re c t i o n  o f  d e f i c i e n c i e s .  These v a r i a t i o n s  are exp la ined by several 
f a c to r s  such as placement geometry In r e la t i o n  t o  the  ro o t ,  so rp t ion  
o f  copper by s o i l  c o n s t i t u e n t s ,  reac t ions  o f  the  f e r t i l i s e r  w i th  s o i l  
c o n s t i t u e n t s  and by t h e  copper  r e q u i re m e n ts  o f  d i f f e r e n t  p l a n t s  
( G a r t r e l l ,  1981), Opinions d i f f e r  about the maximum a p p l i c a t i o n  ra te  
o f  Cu, t o  avoid t o x i c i t y ,  but  I t  is  g en e ra l l y  recommended t o  be not 
more than 45 kg Cu/ha f o r  a mineral  s o i l .  A p p l i c a t io n s  t o  organ ic  
s o i l s  tend t o  be l a r g e r  and more f requent  than those t o  mineral  s o i l s  
( F o l l e t  e t a l ,  1981).
The most f r e q u e n t l y  used method o f  c o r re c t i n g  Cu d e f i c i e n c y  In p lan ts  
Is t o  apply copper su lphate  t o  the s o i l  ( F o l l e t  e t  a l ,  1981) as I t  is  
r e l a t i v e l y  cheap and c o n v e n ie n t  t o  use.  I t  can be a p p l i e d  by;  
broadcast ing over  the  s o i l  o r  pasture ,  in co rp o ra t io n  In to  the s o i l  
du r ing  c u l t i v a t i o n  o r  banded In the v i c i n i t y  o f  the  seed e i t h e r  before 
o r  a t  the t ime o f  sowing. The r e l a t i v e  e f fe c t i v e n e s s  o f  these methods 
depends on the  ci rcumstances because Cu Is h ig h l y  Immobile In the 
s o i l ,  so t h a t  even In f r e e l y  d ra in in g  s o i l s  I t  Is r a r e l y  leached out 
o f  the  c u l t i v a t i o n  la y e r ,  th e re fo re  where poss ib le  I t  should be wel l  
mixed In to  the top s o i l  i f  p lan ts  are t o  ob ta in  a s u f f i c i e n t  supply o f  
Cu.
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The res idua l  e f fe c t i v e n e s s  o f  Cu f e r t i l i s e r s  app l ied  t o  the  s o i l  1s 
high (Ca ldwe l l ,  1971; Reuter,  1975; G a r t r e l l ,  1980) due t o  the  s t rong 
adsorp t ion  and the  complexing o f  Cu by s o i l  o rgan ic  m a t te r .  Th is  Is  
e s p e c ia l l y  so under a rab le  c ropp ing  In which a f t e r  a poor I n i t i a l  
m ix ing  w i th in  the  r o o t in g  zone, c u l t i v a t i o n  In the  f o l l o w in g  years 
Improves the  mixing and a l lows  gradual  desorp t ion  o f  Cu^^ ions t o  
p rov ide  an Increased Cu supp ly cap a c i t y .  Under these c o n d i t io n s  Cu 
f e r t i l i s e r s  may become more e f f e c t i v e  In t h e  y e a rs  f o l l o w i n g  
a p p l i c a t i o n  (R e l th ,  1975; G a r t r e l l ,  1980). Thus reapp l lca ton  o f  Cu 
f e r t i l i s e r  i s  on ly  necessary a f t e r  per iods o f  5 t o  18 years depending 
on the  s o i l  t ype ,  crop grown and the  I n i t i a l  a p p l i c a t i o n  r a te .
Desp i te  evidence t h a t  CuSO^ has given long term c o n t r o l  o f  copper 
d e f i c i e n c y  In cerea l  crops (R e l th ,  1968; MacNaeldhe, 1984) a number o f  
p rob lem s  have been a s s o c ia t e d  w i t h  I t s  use, e s p e c i a l l y  on a c i d i c  
s o i l s .  When CUSO4 . 5 H2 O Is  a pp l ied ,  a la rge  p ro p o r t io n  o f  the  Cu^^ 
ions are r a p id l y  brought  I n to  s o lu t i o n  and are Immobi l ised by s o i l  
adsorp t ion  processes. Some o f  these e f f e c t s  have been a l l e v i a t e d  by 
the  use o f  o the r  less  s o lu b le  Cu compounds (see below) which d is s o lv e  
more s low ly  In a c id i c  s o i l s  t o  re lease Cu^^ Ions over  a longer  t ime 
per iod  ( F o l l e t  e t  a l ,  1981).  The water Inso lub le  Cu compounds Inc lude 
Cu meta l ,  c u p r ic  and cuprous oxides and Cu slags ( F o l l e t  e t a l ,  1981). 
The former th re e  can be expensive e s p e c ia l l y  I f  used t o  cover  la rge  
areas, however c u p r ic  ox ide  Is  o f te n  used as a s o i l  app l ied  f e r t i l i s e r  
t o  c o r r e c t  Cu d e f i c i e n c y  1n p la n ts  (F ink ,  1982).
In a review by Al loway and T i l l s  (1984),  they  s ta te  t h a t  c u p r i c  ox ide 
can c o r r e c t  Cu d e f i c i e n c y  In most crops and i s  p a r t i c u l a r l y  e f f e c t i v e  
on a c i d i c  s o i l s .  I t  has a lso  been Incorporated In to  superphosphate
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f e r t i l i s e r s  t o  produce a range o f  f e r t i l i s e r s  c o n ta in in g  0.2-2% Cu 
( d i k e s ,  1981).
Copper s la g  1s a b y - p r o d u c t  o f  Cu s m e l t i n g  and c o n t a i n s  Cu In 
m e t a l l i c ,  o x i d e  and s i l i c a t e  fo rm s .  However t h e  q u a l i t y  and Cu 
con ten t  o f  Cu s lag can vary w ide ly .  I t s  r a te  o f  decomposi t ion and 
hence e f fe c t i v e n e s s  Is  sur face area dependant and so I t  Is  ground very 
f i n e l y  but o f te n  has t o  be regranulated to  Improve ease o f  a p p l i c a t i o n  
and prevent losses through d r i f t  (F ink ,  1982).  Thus d e s p i te  I t s  low 
c o s t  and p o t e n t ia l  a b i l i t y  t o  c o r re c t  Cu d e f i c i e n c y  In many crops 
(Al loway and T i l l s ,  1984) I t  Is not w ide ly  used.
Another Cu f e r t i l i s e r ,  whose usage i s  conf ined main ly  t o  West Germany, 
Is a m a te r ia l  c a l l e d  "E x c e l lo "  which c o n s is ts  o f  brass p a r t i c l e s  and 
c u p r i c  oxides mixed w i th  ground Cu slag t o  produce a Cu f e r t i l i s e r  o f  
c o n s i s te n t  q u a l i t y  and Cu con ten t ,  but  a t  a reasonable c o s t  compared 
t o  Cu meta l  o r  o x i d e .  A l l  t h e s e  i n s o l u b l e  Cu f e r t i l i s e r s  a re  
broadcast onto the  s o i l  and u s u a l l y  g ive  best r e s u l t s  I f  worked In to  
t h e  s o i l  ( F i n k ,  1 9 8 2 ) .  The r e l a t i v e l y  i n s o l u b l e  n a t u r e  o f  t h e s e  
compounds means t h a t  they  s low ly  degrade t o  release a steady supply o f  
Cu ions t o  p la n t s .  In a review by Al loway and T i l l s  (1984) the  
res idua l  e f f e c t i v e n e s s  o f  these compounds f o r  crops Is  given as 3 to  4 
years .
F o l i a r  a p p l i c a t i o n  o f  Cu Is  less w ide ly  p rac t is ed  and Is  u s u a l l y  used 
o n ly  when symptoms have appeared o r  the d e f i c i e n c y  Is  diagnosed by 
p l a n t  a n a l y s i s  ( G a r t r e l l ,  1981) ,  In wh ich  case I t  I s  used as an 
emergency t rea tm en t  f o r  unpred icted d e f i c i e n c i e s .  However, f o l i a r  Cu 
a p p l i c a t i o n s  are p re fe r re d  In B r i t a i n  where they  s u i t  the  system o f
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crop management and the  a c id i c  s o i l s .  Copper can be app l ied  1n sprays 
mixed w i th  o the r  agrochemicals thus  dispensing w i th  an e x t ra  spraying 
opera t ion  s o le l y  t o  apply Cu. F o l i a r  a p p l i c a t io n s  ensure t h a t  each 
crop receives an adequate supply o f  Cu which may be less  c e r ta in  w i th  
s o i l  t rea tment ,
A s in g le  spray o f  CuSO^ Is  u s u a l l y  enough t o  r e s to re  crop v igour  
(P lze r  e t  a l,  1966; Re l th ,  1968; Ca ldwe l l ,  1971; King and A ls to n ,
1975),  Obviously the  a b i l i t y  o f  ce rea ls  t o  recover Is dependant on 
t im in g .  I f  the  t rea tm en t  i s  app l ied  too l a t e  the  crop may have 
su f fe red  I r r e v e r s i b l e  y i e l d  l i m i t i n g  e f f e c t s .  In  wheat f o r  example, 
Cu sprays w i l l  not  be e f f e c t i v e  I f  app l ied a f t e r  the  end o f  t i l l e r i n g  
(Graham and Nambler, 1981).
The forms o f  Cu most o f t e n  used In f o l i a r  s p ra y s  a re  coppe r  
oxych lo r ide  and i t s  c h e la te s .  Copper sulphate 1s a lso  used, but owing 
t o  I t s  high s o l u b i l i t y  which can cause p h y t o t o x i c i t y  and I t s  c o r ro s iv e  
e f f e c t s  on metal spray ing equipment I t s  use In f o l i a r  sprays Is In 
d e c l in e .  F o l i a r  sprays on ly  g ive  temporary c o r r e c t i o n  and l i t t l e  
res idua l  value may be expected ( G a r t r e l l  e t  a i ,  1979), Therefore  
regu la r  repeat t rea tm ents  are requ i red .
Seed trea tments  o f  dusts  o r  Cu s o lu t i o n s  are most ly  I n e f f i c i e n t  and 
Inadequate because the  amount o f  Cu t h a t  may be added t o  the seed 
w i th o u t  r i s k in g  i n j u r y  t o  the seed l ing  Is too sm a l l .  I t  Is a lso  too 
l o c a l i s e d  In t h e  s o i l  t o  s u p p o r t  t h e  c rop  t h r o u g h o u t  t h e  g row ing  
season (Ca ldwe l l ,  1971).
In summary the a p p l i c a t i o n  o f  Cu-con ta in Ing f e r t i l i s e r s  can be an 
e f f e c t i v e  method o f  c o r r e c t i n g  Cu d e f i c ie n c y  In p la n ts  e s p e c ia l l y
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cerea l  c rops.  So i l  a p p l i c a t i o n s  are the  p re fe r red  method f o r  general 
t rea tm en t  w h i le  the  use o f  f o l i a r  sprays,  except in  B r i t a i n ,  Is  main ly  
conf ined t o  emergency t rea tm en t  where the d e f i c i e n c y  is  not recognised 
u n t i l  a f t e r  p l a n t i n g .
2 . 4 . 2  Animals
Although the  use o f  Cu f e r t i l i s e r s  can be an e f f e c t i v e  method o f  
c o r r e c t i n g  Cu d e f i c i e n c y  In p la n ts ,  the Increased Cu concen t ra t ion  
e s p e c ia l l y  o f  pas ture  1 s not always o f  s i g n i f i c a n t  b e n e f i t  t o  the  
g raz ing  an imal.  Long l a s t i n g  res idua l  e f f e c t s  o f  f e r t i l i s e r  Cu f o r  
pas ture  and g raz ing  animals have been reported in  Western A u s t r a l i a  
( G a r t r e l l ,  1981) but are ra re  elsewhere In the  wor ld .  Under the  
a c i d i c  c o n d i t io n s  o f  Great B r i t a i n ,  a p p l i c a t i o n  o f  Cu t o  s o i l  o r  as a 
t o p  d r e s s i n g  t o  herbage have produced o n l y  l i m i t e d  In c re a s e s  in  
herbage Cu c o n c e n t ra t io n s  ( M i t c h e l l  e t  a l ,  1957; Morgan and Clegg, 
1958; Re l th  and M i t c h e l l ,  1964; Archer,  1970; R e l th ,  1975; Evans, 
1983).
The most f r e q u e n t l y  used herbage t rea tment  Is broadcast a p p l i c a t i o n  o f  
CuSO^ t o  pasture  which has demonstrated Increases o f  up to  4 mg/kg In 
herbage Cu c o n c e n t r a t i o n s  (Evans ,  1983; B u r r l d g e  e t  a l ,  19 8 3 ) ,  
However I t s  e f fe c t i v e n e s s  Is  Inf luenced by the  sward compos i t ion .  The 
Cu conce n t ra t io n  In c lo v e rs  can be Increased more r e a d i l y  than t h a t  o f  
grasses grown In the  same sward. The Increase In c lo v e rs  Is  normal ly  
2 - 4  mg Cu/kg w h i l e  t h e  In c re a s e  In r y e g ra s s  Cu c o n c e n t r a t i o n s  i s  
u s u a l l y  1-2 mg/kg (R e l th ,  1983; 1984). S im i la r  r e s u l t s  have been 
obta ined In pot  exper iments by McLaren and W i l l iams (1981);  however 
increases o f  3 -4  mg Cu/kg In ryegrass have been found In pot t r i a l s
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(McGrath, 1982a). These increased herbage conce n t ra t io ns  are u s u a l l y  
s h o r t  l i v e d ,  1 - 2  y e a r s ,  and are  no t  a lways s u f f i c i e n t  t o  be o f  
s i g n i f i c a n t  value to  the  animal e s p e c ia l l y  where Cu In take Is Impaired 
o r  metabol ism reduced by su lphate  o r  molybdenum o r  s o i l  i n g e s t io n .
A d d i t io n  o f  Cu che la tes  t o  the  s o i l  t o  a l l e v i a t e  Cu d e f i c i e n c y  In 
pasture  have been shown t o  have an even poorer e f f e c t  than CuSO^ 
(McLaren and W i l l i am s ,  1981). Other methods such as a p p l i c a t i o n  o f  Cu 
metal o r  oxide are expensive e s p e c ia l l y  I f  used t o  cover  la rge  areas. 
There fore  s o i l  o r  pas tu re  t rea tm en t  w i th  Cu Is not u s u a l l y  considered 
t o  be a p a r t i c u l a r l y  e f f e c t i v e  way o f  ove rcom ing  a l i v e s t o c k  
d e f i c i e n c y .
P a r t l y  because o f  the  ex is tence  o f  such problems w i th  s o i l  t rea tm en t  a 
number o f  methods f o r  d i r e c t  t r e a t m e n t  o f  t h e  an ima l have been 
evaluated f o r  t h e i r  e f f e c t i v e n e s s  In reducing animal d e f i c i e n c y .  Each 
method has I t s  l i m i t a t i o n s  and the choice w i l l  depend upon the system 
o f  ruminant husbandry p ra c t is e d  and the  s e v e r i t y  o f  Cu d e f i c ie n c y  on 
the  farm. Under range c o n d i t io n s  Cu d e f i c ie n c y  can be prevented by 
th e  p rov is ion  o f  s a l t  l i c k s  c o n ta in in g  0.5 t o  2% CuSO^. These were 
f i r s t  Introduced by Dunlop e t  al (1939), but  the p ro v is io n  o f  the  
l i c k s  did not guarantee an adequate o r  even any consumption o f  Cu by 
each In d iv id u a l  an imal.
Consequent ly o ra l  dosing w i th  CuSO^ was t r i e d  as a supplementat ion 
method (H u n te r  e t  a l 194 5 ) .  T h i s  has proved s u c c e s s f u l  f o r  t h e  
preven t ion  o f  copper d e f i c i e n c y  In sheep. However as f o r  o the r  o ra l  
dosing methods i t s  e f f e c t i v e n e s s  may be a f fe c ted  by d i e t a r y ,  e .g .  Mo 
and S, and gene t ic  f a c t o r s  t h a t  a f f e c t  copper absorp t ion  ra te s .
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Claims have been made t h a t  o r g a n i c a l l y  bound Cu Is more a v a i la b le  than 
Inorgan ic  s a l t s  when o r a l l y  dosed. However, MacPherson and Hemingway 
(1968) and Regius and Nagy (1972) have shown no d i f f e r e n c e  in the  
e f f e c t  o f  Cu given In the che la te  o r  Ion ic  form t o  lambs and sheep. 
Copper che la tes  s u f f e r  from the same l i m i t a t i o n s  as o ra l  CuSO^ dos ing.
In  theo ry  subcutaneous or  In tramuscu lar  I n j e c t i o n s  o f  Cu compounds 
should have an advantage when Cu d e f i c i e n c y  Is  caused I n d i r e c t l y  by 
an tagon is ts  such as Mo and S s ince  the  admin is tered Cu bypasses the 
I n h i b i t o r s  t o  Cu adsorp t ion In the  gu t .  The Cu complexes t h a t  have 
been evaluated f o r  use w i th  sheep Includes copper ca lc ium E .D .T .A . ,  
copper meth lonate ,  d ie thy lam lne  copper oxyqu ino l ine  sulphonate,  copper 
g l y c l n a t e  ( S . A . C . ,  1982; S u t t l e ,  1981b) .  A l l  have proved t o  be 
e f f e c t i v e  sources o f  supplemental Cu. However i n d iv i d u a l  products 
v a r y  In t h r e e  r e s p e c t s ;  In t h e  l o c a l  l e s i o n s  t h e y  Induce ,  a c u te  
t o x i c i t y  and the  ex ten t  to  which they are re ta ined  in the l i v e r .  
Severe reac t ion s  a t  the  s i t e  o f  i n j e c t i o n  have been associa ted w i th  
many o f  t h e s e  p r o d u c t s  ( S u t t l e ,  1981b) .  In  g e n e ra l  t h e  copper
compounds wh ich  cause l o c a l  l e s i o n s  a t  t h e  s i t e  o f  I n j e c t i o n  (Cu 
methlonates and g l y c ln a te s )  are t ra n s lo c a te d  s low ly  and t h e re fo re  o f  
low t o x i c i t y  but  g ive  poor p r o te c t i o n  In some Cu d e f i c ie n c y  cases. 
The more r a p id l y  t ran s loc a ted  compounds (e .g .  copper calc ium E.D.T.A. 
and copper o x y q u in o l in e  sulphonate) must be given In lower doses t o  
p revent  acute t o x i c i t y .  The frequency o f  i n j e c t i o n  w i l l  obv ious ly  
depend on the  s e v e r i t y  o f  the copper d e f i c ie n c y  but care must be taken 
no t  t o  overdose and Induce chron ic  Cu t o x i c i t y .
Recent ly  a new I n j e c t l b l e  p repa ra t ion  con ta in in g  c u p r i c  oxide powder 
has been e v a lu a t e d  as a supp lement  f o r  c a t t l e  (Sankoh and B o l l  a.
66
1987). However i t  is  too e a r ly  ye t  t o  say i f  1t  w i l l  be success fu l .
D e s p i t e  t h e  p rob lem s  o f  l e s i o n s  and t o x i c i t y  assoc 1 ated w i t h  
I n j e c t i o n s  they  are w ide ly  used. T h e i r  drawback, however. Is  t h a t  
repeated I n j e c t i o n s  are o f te n  necessary t o  m a in ta in  normal plasma Cu 
c o n c e n t r a t i o n s  t h u s  c r e a t i n g  a l o t  o f  e x t r a  work f o r  t h e  fa rm e r  
In v o lv e d .
The use o f  d r i n k i n g  water  as a c a r r i e r  o f  Cu f o r  c a t t l e  has been found 
t o  be e f f e c t i v e  f o r  supplement ing Cu In take (Humphries e t  a l ,  1983; 
Farmer, 1983). However I t  remains to  be determined whether I t  Is safe 
t o  use f o r  sheep which are much more s u s c e p t ib le  t o  Cu t o x i c i t y .
A new method o f  long ac t ing  copper supp lementat ion which e l im ina tes  
t h e  c a r c a s s  damage o f t e n  a s s o c ia te d  w i t h  I n j e c t i o n  has now been 
developed In A u s t r a l i a  (Dewey, 1977; Deland e t  a l ,  1979).  The method 
I n v o l v e s  t h e  o r a l  a d m i n i s t r a t i o n  o f  copp e r  o x i d e  need les  o r  w i r e  
(CuO^), In leng ths  o f  between 5 and 10 mm and w i th  a mean diameter o f  
0.5 mm, o f  h igh s p e c i f i c  g r a v i t y  and low mass In a g e la t i n  capsule 
In to  the  oesophagus w i th  a tube o r  b a l l i n g  gun. The needles lodge In 
t he  ruminant abomasum and the Cu Is s low ly  re leased over 2-3 months.
Dewey (1977) found t h a t  the  o ra l  a d m in is t r a t i o n  o f  copper needles 
s u c c e s s fu l l y  increased the  l i v e r  Cu c onc e n t ra t io ns  o f  a d u l t  sheep as 
w e l l  as r a i s i n g  p la s m a  Cu l e v e l s .  T h i s  t r e a t m e n t  has been 
s u c c e s s f u l l y  t e s t e d  In f i e l d  t r i a l s  on h i l l  sheep In S c o t la n d  by 
Whitelaw e t  a l  (1980),  S u t t l e  (1981a) admin is tered 0.5 g CuO^ t o  
hypocupraemic ewes maintained on a Cu-def1c1ent d i e t ;  I t  a l l e v i a t e d  
hypocupraemla f o r  111 days when the d i e t  was supplemented w i th  Mo and 
S and 301 days when the  d i e t  was not so supplemented. Whitelaw e t  al
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(1982) t rea ted  ewes a t  p a r t u r i t i o n  w i th  4 g or  8 g Cu needles and 
found t h a t  they  remained normocupraemic u n t i l  beyond weaning when 
g r a z i n g  reseeded p a s t u r e s  on wh ich  c o n t r o l  ewes r a p i d l y  became 
hypocup raem ic .  In  ewes c o n f i n e d  t o  t h e  reseeded p a s tu r e  d u r i n g  
pregnancy, the a d m in is t ra t i o n  o f  4 g CuO^ In midpregnancy prevented 
th e  occurrence o f  swayback In t h e i r  o f f s p r i n g  whereas c o n t ro l  ewes 
produced a high Incidence o f  both the  congen i ta l  and delayed types  o f  
swayback.  T h i s  work was f u r t h e r  s u b s t a n t i a t e d  by W h i te law  e t  a l
(1983) who showed t h a t  lambs der ived from dosed ewes took longer  t o  
become hypocupraemic and also t h a t  lambs der ived from dosed or  undosed 
ewes and t re a te d  a t  3 t o  5 weeks o f  age w i th  CuO^ were maintained In 
normocupraemla and showed no s igns o f  1 1 1 - t h r i f t .
T r i a l s  in  A u s t r a l i a  have found t h a t  a f t e r  a d m i n i s t r a t i o n  o f  CuO^ 
c oncen t ra t ions  o f  Cu in the  sheep l i v e r  o f te n  r i s e  t o  l e v e ls  which 
might  be expected t o  be t o x i c  w i th o u t  the  animals appear ing t o  be 
adverse ly  a f fe c ted  ( E l l i s ,  1980).
These r e s u l t s  I n d ic a te  t h a t  both ewes and lambs graz ing C u - d e f l c le n t  
pasture  can be p ro tec ted  very s im p ly  by an annual s in g le  dose o f  Cu 
needles.  The method permits  the  minimal amount o f  c o l l e c t i o n  and 
handl ing o f  l i v e s to c k  w h i l s t  supp ly ing  Cu over  a s u b s ta n t ia l  per iod  o f  
t im e .  In a d d i t io n  overdosing Is  no t  such a ser ious  problem, as w i th  
Cu I n je c t i o n s ,  because o f  the slow re lease o f  Cu.
So lub le  g lass  designed f o r  the slow re lease o f  t r a c e  elements has been 
proposed as a method o f  animal m ineral  supplementat ion (A l le n  e t  a l ,  
1978).  Kno t t  e t  al (1985) review th e  p r o p e r t ie s  o f  g lass which a l low  
t h i s  poss ib le  f u n c t io n .  A lka l  1-phosphate g lass  w i th  less than 50%
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P2 O5  1s s o lu b le  and t ra c e  elements such as Zn, Cu, Co and Se can 
e a s i l y  be Incorporated In to  the glass and e x h i b i t  the  property  o f  slow 
re lease .  Subcutaneous Imp lan ta t ion  o f  such boluses have been shown t o  
e l im in a te  Cu d e f i c i e n c y  In animals (A l le n  e t  a l ,  1979). However the  
use o f  an I n t r a  ruminai  bolus should a l low  a l l  these t ra c e  elements t o  
be made a v a i la b le  t o  animals.
T e l f e r  e t  a l  (1983) produced a so lub le  g lass  bolus con ta in ing  Cu, Co 
and Se which, when given by b a l l i n g  gun t o  sheep, w i l l  lodge In the  
animals re t i c u lu m  and d isso lve  a t  a slow ra te  re leas ing  Cu, Co and Se 
over  a per iod o f  up to  1 year.  The bolus prevented Se d e f ic ie n c y  In 
sheep and c a t t l e  and produced h igher  plasma Cu le v e ls  (Knot t  e t  a l ,  
1985).  However f u r t h e r  s tud ies  on the  e f fe c t i v e n e s s  o f  the bolus have 
produced c o n f l i c t i n g  r e s u l t s .
C a r l o s  e t  a l ( 1 9 8 5 )  and Ca re  e t  a l ( 1 9 8 5 )  have shown t h a t  
a d m in is t r a t i o n  o f  the  bolus elevated the blood and l i v e r  copper s ta tus  
o f  sheep and lambs and recommended a y e a r ly  dos ing.  A l len  e t  al 
(1985) showed t h a t  the boluses remain In the  forestomach o f  sheep f o r  
per iods  o f  up t o  9 months a f t e r  dosing p ro v id in g  an e f f i c i e n t  and 
p r a c t i c a l  method o f  p rov id ing  long term o ra l  supplementat ion o f  Cu.
In c o n t r a s t  Pa tte rson e t  al (1985) found the  re lease ra te  o f  the t ra c e  
elements t o  vary  w ide ly ,  w i th  complete d i s s o lu t i o n  occu r r ing  In a few 
days o r  over  6  months. Judson e t  al (1985) found the  d i s s o lu t i o n  ra te  
t o  be too  slow t o  prov ide a boost t o  l i v e r  Cu reserves In sheep. 
W h i l s t  A l le n  and Sansom (1985) observed t h a t  the  sheep glass bolus 
conta ined less  Cu than the recommended dose o f  ox ide needles and t h a t  
th e  ra te  o f  re lease  from the boluses was much s lower .  These fa c to r s
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have been f u r t h e r  subs tan t ia ted  by r e s u l t s  which show t h a t  the  more 
prolonged re lease per iod o f  Cu from the  bo luses,  compared w i th  o th e r  
t rea tm en ts ,  appears to  r e s u l t  in an i n s u f f i c i e n t  Cu supply t o  the  
animal (Ga l lagher  and C o t t r i l l ,  1985; MacPherson, 1985; Buckley e t  a l ,  
1987).  The re s u l t s  suggest t h a t  the  s o lu b le  g lass  bolus does show 
p ro m is e  b u t  t h a t  f u r t h e r  deve lopm en t  i s  necessary  i f  t h e  f u l l  
p o t e n t i a l  o f  t h i s  techn ique f o r  the  c o n t r o l  o f  Cu d e f i c ie n c y  i s  t o  be 
r e a l i s e d .
I n  summary p a s t u r e  t r e a t m e n t  w i t h  Cu t o  p r e v e n t  Cu d e f i c i e n c y  in  
animals has had on ly  l im i t e d  success t o  date .  Broadcast ing o f  CuSO^ 
is  the  most f r e q u e n t l y  t r i e d  method, however the  Cu appl ied  i s  u s u a l l y  
r a p i d l y  immobi l ised in the s o i l  and unava i lab le  t o  p la n t  ( 2 . 4 . 1 ) .  As 
a r e s u l t  t h e  in c re a s e s  in  herbage Cu c o n c e n t r a t i o n s  o b t a in e d  a re  
u s u a l l y  too s ho r t  l i v e d  and I n s u f f i c i e n t  t o  be o f  s i g n i f i c a n t  value  t o  
the  g raz ing  an imal.  Other pasture  t rea tm en ts  have on ly  demonstrated 
s i m i l a r  r e s u l t s  t o  t h a t  o f  CuSO^ o r  a re  t o o  expe ns ive  f o r  t h e  
t re a tm e n t  o f  la rge  areas. Because o f  t h i s  a number o f  paren te ra l  and 
o r a l  methods f o r  t h e  p r e v e n t i o n  o f  Cu d e f i c i e n c y  have been made 
a v a i l a b l e .  Each method has i t s  l i m i t a t i o n s ,  o ra l  methods Inc lud ing  Cu 
needles s t i l l  have t o  overcome any e f f e c t s  o f  d i e t a r y  f a c to rs  which 
m o d i f y  Cu a d s o r p t i o n ,  w h i l e  I n j e c t i o n s  p r o v i d e  o n l y  s h o r t  te rm  
supplementat ion as the amount which may be admin is tered as a s in g le  
dose Is l im i t e d  due to  problems o f  poss ib le  acute systemic t o x i c i t y  
and l o c a l i s e d  c a rc a s s  damage. A l t e r n a t i v e  methods s t i l l  have t o  
g u a ra n te e  t h a t  each i n d i v i d u a l  an ima l w i l l  o b t a i n  I t s  d a i l y  Cu 
requ i rement.  Thus every method used t o  date has I t s  l i m i t a t i o n s .  
The re fo re  the cho ice o f  method w i l l  depend on the  system o f  animal
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husbandry p ra c t i s e d ,  the  s e v e r i t y  o f  the Cu d e f i c i e n c y  exper ienced on 
th e  farm and on the  In d iv id u a l  pre ferences o f  the  farmer .
71
CHAPTER 3 , MATERIALS AND METHODS 
3 .1  INTRODUCTION
Th is  chap te r  deals w i th  the  p r i n c i p l e s  o f  the  a n a l y t i c a l  methods used 
in t h i s  work and gives summaries o f  each procedure.  The reason f o r ,  
and a p p l i c a t i o n  o f ,  each p a r t i c u l a r  method used w i l l  be discussed in 
t h e  re le v a n t  chap te rs ,
3 .1 .1  A n a ly tica l Q uality  Control
The va lue o f  s o i l ,  herbage and blood ana lys is  in the  d iagnos is  o f  
p l a n t  o r  animal Cu d e f i c ie n c y  depends la r g e l y  on the  accuracy and 
p r e c i s i o n  w i t h  wh ich bo th  t h e  sample 1 s tak en  and t h e  way t h e  
de te rm ina t io n  i s  c a r r i e d  ou t .
Accuracy Is de f ined as the p ro x im i t y  o f  the  measured r e s u l t  t o  the  
" t r u e "  va lue .
P re c is io n  Is  de f ined as the r e p r o d u c i b i l i t y  o f  a r e s u l t .
Owing t o  the  extreme heterogene i t y  o f  the m a te r ia ls  in v es t iga ted  the 
l a r g e s t  p o t e n t ia l  hazard In o b ta in in g  accurate r e s u l t s  In t h i s  work 
would be sampling e r r o r s ,  both In the  f i e l d  and when sub-sampl ing In 
the  la b o r a to r y .  Sampling procedures were employed which reduced the  
r i s k  o f  these e r ro r s  e s p e c ia l l y  f o r  s o i l  and herbage and w i l l  be 
discussed In the  re leva n t  chap te rs .
The f o l l o w i n g  q u a l i t y  c o n t r o l  p ro c e d u re s  were used t o  assess  t h e  
accuracy and p re c is io n  o f  a n a l y t i c a l  r e s u l t s :
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(1 )  The use o f  s ta n d a rd  s o l u t i o n s  t o  c a l i b r a t e  and m o n i t o r  
a n a l y t i c a l  Instrument performance and thus  main ta in  optimum 
s e n s i t i v i t y .  These were prepared using commercial standard 
s o lu t i o n s  and were made up In a s o l u t i o n  s i m i l a r  t o  t h a t  o f  the 
samples. Standards were s y s te m a t i c a l l y  d i s t r i b u t e d  th roughout  
the  batch and made up between 1 0 % and 2 0 % o f  I t .
( 1 1 ) Reagent  b l a n k s  were used t h r o u g h o u t  t o  assess background 
c oncen t ra t ions  and poss ib le  contaminat ion  e r r o r s .
(111) Departmental  standard re fe rence m a te r ia ls  were Included In each 
batch o f  s o i l  o r  herbage ana ly s is  t o  assess the  between batch 
r e p r o d u c i b i l i t y  and o v e ra l l  p re c is io n  o f  r e s u l t s  th roughout  the  
per iod o f  work. A commercial re fe rence m a te r ia l  " p re d n o rm "  
(Boehr lnger ,  Manhein, Gmbh, West Germany) was used as above f o r  
b lood  a n a l y s i s .  The r e s u l t s  o f  any one b a tc h  were o n l y  
accepted I f  the p re c is io n  was less  than o r  equal t o  1 0 %.
(1v) Sample de te rm ina t ions  were a l l  r e p l i c a te d  a t  l e a s t  tw ic e  In 
each ba tc h  d u r i n g  a n a l y s i s  t o  m o n i t o r  t h e  w i t h i n  b a tc h  
p re c is io n  ( I . e .  r e p r o d u c i b i l i t y  o f  the  r e s u l t s ) .  The r e s u l t
f o r  any one sample was on ly  accepted I f  the  r e p l i c a t e s  agreed 
t o  w i t h in  5% o f  each o th e r ,
3 .1 .2  Atomic Absorption Spectroscopy (A -A .S .)
A.A.S. has been used almost e x c lu s i v e l y  as the  a n a l y t i c a l  techn ique 
f o r  th e  de te rm ina t ion  o f  t ra c e  elements In t h i s  work.  The major
advantage o f  A.A.S. over  most o f  the  comparable techn iques used f o r  
Ino rgan ic  ana lys is  Is I t s  r e l a t i v e  freedom from In te r fe renc es  and the
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f a c t  t h a t  i t  o f te n  al lows the de te rm ina t ion  o f  severa l  elements from 
one sample prepara ton.  In c o n t r a s t  In e lec t rochemica l  methods such as 
p o l a r o g r a p h y  m os t  s a m p le s  r e q u i r e  d i s s o l u t i o n  f o l l o w e d  by a 
p r e l i m i n a r y  s e p a r a t i o n  o f  t h e  a n a l y t e  t o  o b t a i n  s u f f i c i e n t  
s e l e c t i v i t y .  I . e .  ex tens ive  sample p re t rea tment  Is requ ired f o r  each 
element t o  be determined. The a n a l y t i c a l  s igna l  In A.A.S. Is  less  
s e n s i t i v e  t o  temperature changes in  the  atom c e l l  than atomic emission 
spec t rometry .  A.A,S. a lso g ives  ease o f  Ins trument opera t ion  and Is 
s imple  t o  se t  up due t o  the  usefu l  wavelength and i n t e n s i t y  re fe rence 
p rov ided by the  background l i g h t  source.
In  A.A.S.  a sample Is converted In to  an atomic vapour by a chemical 
f lame,  and I r r a d lc a te d  by a l i g h t  beam from a hol low cathode lamp 
source . This source must emit  r a d ia t i o n  o f  a wavelength t h a t  Is 
s p e c i f i c  t o  the element being analysed. Th is  r a d ia t i o n  Is I so la ted  by 
a monochrometer.
The amount o f  r a d ia t i o n  absorbed by the  atomic vapour Is  then measured 
and conver ted from an o p t i c a l  s igna l  t o  an e l e c t r i c a l  s igna l  by a 
p h o t o - e l e c t r i c  c e l l  and Is then re la ted  to  the concentraton o f  the  
s p e c i f i c  metal In the sample. The theo ry  and bas ic  p r i n c i p l e s  o f  
A . A . S .  a re  d i s c u s s e d  In  g r e a t e r  d e t a i l  by K i r k b r l g h t  and S a rg e n t  
(1974) and Page e t  al (1983).
Each element has a se t  o f  standard Ins trumenta l  parameters f o r  use 
w i th  A,A,S. In o rder  t o  ob ta in  optimum c o n d i t io n s  f o r  accurate and 
p re c is e  r e s u l t s .  The parameters f o r  the  elements s tud ied  In t h i s  work 
are l i s t e d  In Table 3 .1 .  De tec t ion  l i m i t s  given In Table 3.1 are f o r  
f lame atomic absorp t ion using an I . L .  Video IIAA/AE Spectrophotometer.
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They r e p r e s e n t  t h e  c o n c e n t r a t i o n  o f  t h e  e lemen t  t h a t  p roduces  an 
absorp t ion  reading e qu iva len t  t o  tw ic e  the standard d e v ia t io n  o f  a 
s e r ie s  o f  a t  l e a s t  ten de te rm ina t ions  a t  o r  near the  blank l e v e l .
Atoms o n l y  absorb  ene rgy  a t  na r row  and s p e c i f i c  w a v e le n g th s .  
There fo re  f o r  each element the  l i g h t  source Is adjus ted t o  produce a 
wavelength s p e c i f i c  f o r  t h a t  e lement,  e .g .  f o r  Cu, when the source 
emits  r a d ia t i o n  o f  e x a c t l y  324.7 nm i t  w i l l  be absorbed by copper 
atoms.
The lamp c u r re n t  Is  a c r i t i c a l  parameter In obt1m1s1ng A.A.S. as I t
c o n t r o l s  the I n t e n s i t y  o f  the r a d ia t i o n  l i n e  In the  f lame. A lso
because h igh  c u r r e n t s  s h o r te n  lamp l i f e  t h e  opt imum c u r r e n t  a l s o
e x te n d s  lamp l i f e  and i s  u s u a l l y  one t h i r d  o f  t h e  maximum lamp
c u r r e n t .
The band pass Is s imply  the wid th  o f  the  observed peak a t  the d e te c to r  
and Is  used to  I s o la t e  the resonance l i n e  o f  i n t e r e s t  from nearby non­
resonance, weakly absorbing l i n e s .  The more non-reasonance l i n e s  
th e re  are around the l i n e  o f  I n t e r e s t ,  the narrower the band pass s l i t  
w id th  has t o  be.
The flame is  used as a means f o r  producing the  atomic vapour and 
s e le c t i o n  o f  the  c o r r e c t  f lame type  gives accurate and com p l i ca t ion  
f re e  r e s u l t s .
A i r -a c e ty le n e  f lames are s u i t a b le  f o r  most elements and can be d iv ided  
I n to  th ree  types:
(1) Ox id is ing  f lame -  t h i s  Is  the  h o t t e s t  f lame and con ta ins  enough 
ox idan t  t o  ob ta in  a c l e a r  b lue  f lame.
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( 1 1 ) s t o i c h io m e t r i c  f lame -  t h i s  f lame has t inges  o f  ye l low  In the  
f lame.
(111) Reducing f lam e -  t h e  e n t i r e  f lam e Is  y e l l o w ,  t h i s  I s  t h e  
c o ld e s t  f lame.
Some e lem en ts  fo rm r e f a c t o r y  o x i d e s  a t  t h e  te m p e ra tu r e  (2300^0 )  
produced  by an a l r - a c e t y l e n e  f l a m e .  At  t h e  h i g h e s t  t e m p e r a t u r e  
produced by a n1 t rous-ox1de /ace ty lene  f lame (3000^0  f ree  atoms can be 
produced from the ox ides .
Background molecu lar  absorbance occurs in the u l t r a v i o l e t  reg ion o f  
th e  wavelength spectrum (190-300 mm) which reduces the s e n s i t i v i t y  o f  
t h e  d e te rm in a t io n .  There fo re  th e  S m i th - H e i f t j e  background c o r r e c t i o n  
techn ique  was employed.
3 .2  SOIL ANALYSIS
3 .2 ,1  Sampling
S o i l  samples were taken In such a way as t o  be rep resen ta t ive  o f  the  
area under cons ide ra t ion  us ing the  techn iques descr ibed In M.A.F.F. 
(1979, 1983). A t u b u la r  c o re r  g i v i n g  a s o i l  core o f  25 mm d iamete r  
I n c lu d in g  the sur face mat was used f o r  a l l  s o i l  sampl ing.  D i f f e r e n t
b^tiAjee/\. O oAot IO  .
sampling depths^were used and these w i l l  be d e ta i le d  In the r e le v a n t  
l a t e r  chap te rs .  Samples were c o l l e c t e d  In greaseproof paper l i n e d  
paperbags.
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3 .2 .2  Sample Preparation
S o i l s  were r id d le d  through a 5 mm mesh wi re  s ieve and a i r  d r ie d  in a 
fan oven a t  a temperature  less  than 30^0. The s o i l  was then ground t o  
pass through a ^  mm s ieve  using a Rukuhia type s o i l  m i l l i n g  machine. 
Samples were then s tored In paper bags f o r  l a t e r  chemical  a n a ly s i s .
3 .2 .3  Moisture Content
The m o is t u r e  c o n t e n t  o f  f i e l d  m o is t  s o i l  was assessed as t h e
percentage loss  o f  we ight on oven d ry ing  a t  105°C f o r  16-18 hours.
3 .2 .4  pH In Water
So i l  pH was determined by the method o f  Avery and Bascomb (1974) in 
which the  pH o f  a 1:25 a i r  dry so11:water suspension Is  measured using 
a pH e lec t rode  and meter.  Standard b u f f e r  s o lu t i o n s  o f  pH 4 and pH 7 
were used t o  c a l i b r a t e  the  meter.
3 .2 .5  Lime Requirement
The l ime requirement o f  a s o i l  Is  def ined as the we igh t  o f  ca lc ium 
carbonate requi red t o  r a i s e  I t s  pH t o  a t a r g e t  va lue.
Two methods were used t o  determine l ime requirement.
(a) For  f i e l d  t r i a l s  l im e  re q u i r e m e n t  was d e te rm in e d  u s in g  t h e
rou t ine  method (unpubl ished)  o f  the  West o f  Scot land Co l lege  So i l  
Science A n a ly t i c a l  Labora to ry .  Th is  is  a mod if ied  e l e c t r o m e t r i c  
t i t r a t i o n  method and g ives  rap id  r e s u l t s .  The l ime  requ i red  Is  
i n te rp o la te d  from a comparison o f  the pH values measured In a
1:25 r a t i o  a i r  d ry  s o i l :  0.01 M calc ium c h lo r i d e  suspension, and
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a 1:25:10 r a t i o  a i r  dry s o i l :  0.014 M ca lc ium c h l o r i d e :  0 .04  M 
l ime water suspension. F u l l  d e t a i l s  o f  t h i s  method are g iven In 
Appendix 1.
(b) Lime requirements f o r  f i e l d s ,  as above are crude de te rm ina t ions  
r e g a r d l e s s  o f  m e th o d o lo g y .  For  po t  t r i a l s  a more a c c u r a t e  
de te rm ina t ion  o f  l ime requ irement was required as s o i l s  were t o  
be l imed t o  a range o f  s p e c i f i c  pH values. As po t  work Invo lves  
known volumes o f  s o i l  the  l ime requirement was determined by 
s o l l - l l m e  I n c u b a t i o n s  u s i n g  known s m a l l e r  volumes o f  s o i l .  
Ca lc ium  h y d r o x id e  (C a ( 0 H ) 2 ) was used, In s te a d  o f  c a l c i u m  
carbonate as the l im in g  m a te r ia l  as I t  is  more so lub le  and f a s t e r  
a c t in g .
Increments o f  Ca(0 H) 2  Incubated In a l iq u o ts  o f  mo is t  s o i l  were 
e q u i l i b r a t e d  a t  room t e m p e r a tu r e  f o r  1 0  days w i t h  p e r i o d i c  
s h a k in g .  Then t h e  pH was measured. The amount o f  CafOHTg 
requi red t o  b r in g  a s o i l  t o  a se lec ted pH was then In te rp o la te d  
f rom a graph o f  e q u i l i b r i u m  pH a g a in s t  Ca ( 0 H> 2  a d d i t i o n  and 
scaled up t o  the la r g e r  pot volumes.
3 -2 .6  Organic M atter Content by Loss o f Weight on Ig n itio n
Many methods are a v a i la b le  f o r  the  es t im a t ion  o f  the organ ic  m a t te r  
con ten t  o f  a s o i l  (Hesse, 1971) bu t  f o r  the purposes o f  t h i s  work 
e s t im a t io n  by loss  o f  weight on I g n i t i o n  was chosen as I t  p rov ides  a 
s imple  and rapid techn ique.
The method used was t h a t  o f  Avery and Bascomb (1974).  The loss  o f  
we igh t  o f  an oven d r ied  s o i l  (105°C) Is  determined a f t e r  I g n i t i o n  a t
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400°C f o r  16 hours.  Th is  temperature was used t o  reduce the  r i s k  o f  
re lease o f  absorbed water o r  i g n i t i o n  o f  Ino rgan ic  f r a c t i o n s  which 
occur  a t  h igher  tempera tu res,  e .g .  680^C ( B a l l ,  1964).  As none o f  the  
s o i l s  were ca lcareous we igh t  loss  due to  the d e s t r u c t i o n  o f  carbonates 
was considered n e g l i g i b l e .  D u p l i ca te  analyses were always under taken.
3 .2 ,7  E xctractable Potassium and Phosphorus
S c o t t i s h  A g r i c u l t u r a l  Co l leges (S.A.C.)  f e r t i l i s e r  recommendations 
( S . A . C . ,  1985) were employed f o r  a l l  f i e l d  t r i a l s .  T h e r e f o r e  
e x t r a c ta b le  Potassium (K) and Phosphorus (P) were determined using 
s ta n d a rd  S .A .C .  methods ( M . I . S . R .  and S . A . C . , 1 9 8 5 ) .  These are  
o u t l i n e d  below.
(a )  Extraction
P and K were ex t ra c ted  from the  s o i l  using 0,43 M a c e t i c  acid In a 
s o i l  t o  s o lu t i o n  r a t i o  o f  1:40 w i th  an e x t ra c t i o n  t im e o f  2 hours.
(b ) Potassium determ ination
The concen t ra t ion  o f  K In the  e x t r a c t  was determined using a flame 
photometer (Corning 450);  th e re  i s  no s i g n i f i c a n t  I n te r fe re n c e  by 
o th e r  elements ( C o l l i n s  and Po lk lnhorne,  1952), The photometer was 
c a l i b r a t e d  using potassium su lphate  In a c e t i c  acid s tandards.  Resul ts  
are expressed In mg K / I 1 t r e  a i r  d ry  s o i l .
(c ) Phosphorous determ ination
The c oncen t ra t ion  o f  P was determined c o l o u r i m e t r l c a l l y  us ing the 
method o f  Murphy and R i le y  (1962),  A 1:4 r a t i o  m ix tu re  o f  the  a c e t i c  
a c id  s o i l  e x t r a c t  and 0,15% a c id  ammonium m o lybd a te  p roduces  a 
phosphomolydbate complex,  which when reduced by ascorb ic  acid g ives  a
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b lue  c o lo u r .  The c o lo u r  1s then measured using a spect rophotometer  
(C o rn in g  254) wh ich was c a l i b r a t e d  us ing  p o ta s s iu m  d ih y d r o g e n  
or thophosphate s tandards.  Resul ts are expressed In mg P / l i t r e  a i r  d ry  
s o i l .
3 .2 .8  E .D .T .A . E x trac tab le  Copper
E.D.T.A. e x t ra c ta b le  copper 1s g e n e ra l l y  assumed t o  represen t  p la n t  
a v a i l a b le  copper In the  s o i l  (see sec t ion  2 .1 ,3 )  and was used In t h i s  
s tudy  f o r  the I n t e r p r e t a t i o n  and c l a s s i f i c a t i o n  o f  s o i l  Cu le v e ls  f o r  
crop and animal n u t r i t i o n .
The method used was t h a t  o f  Re l th (1968) In which copper was ex t ra c ted  
from the  s o i l  using 0.05 M E.D.T.A. a t  a s o i l  : so lu t1on  r a t i o  o f  1:5
w i th  an e x t ra c t i o n  t im e  o f  1 hour.  The Cu c o n c e n t ra t io n  in the
e x t r a c t  was d e te rm in e d  by A .A .S .  ( s e c t i o n  3 . 1 . 2 ) .  R e s u l t s  a re
expressed in mg Cu/kg a i r  dry  s o i l .
3 .2 .9  Total Trace Metal Concentration
T o t a l  c o p p e r ,  z i n c .  I r o n ,  cadmium, le a d ,  n i c k e l ,  chromium and
manganese In s o i l  were d e te rm in ed  by aqua r e g ia  e x t r a c t i o n  u s in g  
method B o f  Borrow and S te in  (1983).  At  le a s t  80% o f  the  t o t a l  metal 
c on ten t  Is  ex t rac ted  (over  90% f o r  lead) by t h i s  method; the  remaining 
meta ls are re ta ined In s i l i c e o u s  res idues.
A 1:10 r a t i o  o f  so11:aqua reg ia  s o lu t i o n  (3 par ts  6  M HC1:1 p a r t  16 M 
HNOg) was s tood a t  room t e m p e r a tu r e  f o r  16-18 hours  b e f o r e  b e in g  
heated f i r s t l y  a t  80°C f o r  30 minutes and secondly f o r  2 hours a t  
140°C using a Tecator  system 40 d ig e s t io n  b lock .  Metal a n a ly s i s  was 
by A.A.S. (sec t ion  3 , 1 . 2 ) .  Resul ts  were expressed In mg m eta l /kg
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s o i l .
3 .3  HERBAGE ANALYSIS
3 .3 .1  Sampling Methods
Methods o f  herbage s a m p l in g  v a r i e d  and w i l l  be d e s c r ib e d  a t  t h e
app ropr ia te  t im e in subsequent chap te rs .  A l l  samples were c o l le c te d
in sealed poly thene bags. A v o c l ^  crcu-fLecL o c ^  
O r \  Kftrbcx^utZ, .
3 .3 .2  Dry M atter
Herbage was oven d r ied  in paper l i n e d  t ra y s  a t  100°C and the d ry  
m at te r  content  c a lc u la te d  in g/kg f resh  weight.
3 .3 .3  Sample Preparation
Dried herbage was m i l l e d  to  pass a 0,5 mm mesh se ive using a Tecator  
Cyclone Sample M i l l  792. A l l  samples were stored in greaseproof  paper 
l i n e d  bags. Before chemical ana lys is  a l l  samples were d r ied  a t  100°C 
f o r  16 hours t o  ensure t h a t  a l l  r e s u l t s  were based on a 1 0 0 % dry  
mat te r  bas is .
3 .3 .4  Trace Element Analysis
(a ) Preparation
Prepara t ion  f o r  t r a c e  element ana lys is  was based on t h a t  given in 
M .A .F .F ,  (1986)  in  wh ich  t h e  o r g a n i c  m a t t e r  i s  d e s t ro y e d  by d r y  
combustion a t  470°C f o r  16 hours and the  so lub le  mineral  c o n s t i t u e n ts  
in the  ash d isso lved  in 6  M h y d ro c h lo r i c  ac id ;  any s i l i c a  present is  
dehydrated to  an in s o lu b le  form and f i l t e r e d  o u t .  Th is  dry ashing 
method is  sa fe r  and qu icke r  than wet acid d ig e s t io n ,
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(b) Trace element analysis
The sample s o lu t i o n  prepared as above was used f o r  the  de te rm ina t ion  
o f  copper,  z in c ,  i r o n ,  lead ,  manganese, cadmium, n icke l  and chromium 
by A.A.S.  (sec t ion  3 . 1 . 2 ) .  Resu l ts  are expressed in mg element/kg dry 
m a t te r .
3 .3 .5  Molybdenum (Mo)
The method used was t h a t  o f  Dixon and Hepher ( to  be pub l ished)  in 
which the organ ic  matter  in d r ied  s o i l  herbage i s  destroyed by ashing 
a t  480° f o r  16 hours.  The s o lu b le  mineral  c o n s t i t u e n ts  in the  ash are 
then d isso lved in 6  M HCl and the  m ix tu re  re f luxed  f o r  30 minutes.  
A f t e r  f i l t e r i n g  t h e  s o l u t i o n  i s  b u f f e r e d  t o  pH 1 u s in g  ammonia. 
Ammonium p y r ro lo d in e  d i th io c a rb o n a te  (A.P.D.C.)  i s  then used t o  form 
an organo~molybdenum complex in the ac id .  Ch loroform i s  added t o  
b r in g  the  Mo in to  an o rgan ic  phase which i s  then separated from the  
ac id  using Whatman grade 1 phase separa t ing paper. The ch lo ro fo rm  is  
t h e r e a f t e r  al lowed t o  evaporate t o  dryness. The res idue is  taken up 
in HNOg and re-evaporated t o  dryness. Th is  res idue is  d isso lved  in 6  
M HCl and th e  molybdenum c o n t e n t  d e te rm ined  u s in g  an i n d u c t i v e l y  
coupled plasma (Thermoelectron Plasma 100).  F u l l  d e t a i l s  o f  t h i s  
method are given in Appendix I ,
3 .3 .6  Sulphur (S)
Herbage s u lp h u r  c o n t e n t  was d e te rm in e d  u s in g  t h e  s ta n d a rd  S .A .C .  
method.
The sample is  d igested in  a m ix tu re  c o n ta in in g :  2 pa r ts  herbage; 1
p a r t  d i g e s t i o n  c a t a l y s t  ( p o t a s s i u m  d i c h r o m a t e  i n  ammonium
83
metavanadate);  37.5 p a r t s  d ig e s t io n  m ix tu re  (5 pa r ts  n i t r i c  ac id ;  3 
p a r t s  p e r c h lo r i c  ac id )  f o r  1 hour a t  120°C on a Teca to r  system 40 
d ig e s t io n  b lock .  The n i t r i c  acid i s  then evaporated o f f  a t  200°C 
(complete when c o lo u r  changes from green to  orange).  A f t e r  c o o l i n g ,  
SO ml o f  water i s  added and the con tents  f i l t e r e d  through a Whatman 
No. 540 f i l t e r  paper.  A l l  sulphur  is  now in the su lpha te  form and i s  
p r e c ip i t a t e d  using a barium c h lo r id e /p o ly a c ry la m id e  (300:1) m ix tu re  
and determined t u r b i d i m e t r i c a l l y  a t  660 mm. Resul ts  are expressed in 
g S/kg dry m a t te r ,
3 .3 .7  Chlorophyll
Ch lo rophy l l  was determined by the method o f  Arnon (1949) in which 
f r e s h  herbage i s  g round in  80% ace tone  u n t i l  a l l  t h e  c o l o u r  i s  
released from the t i s s u e .  The e x t r a c t  is  then f i l t e r e r d  and made up 
t o  a known volume. The absorbance (A) o f  the s o lu t i o n  a t  663 nm and 
645 nm i s  m easu red  u s i n g  a pye u n i c a n  SP8-500  U . V . / V . I . S .  
spectrophotometer .  To ta l  c h lo ro p h y l l  i s  then given by the  f o l l o w in g  
r e la t i o n s h ip :
Tota l  c h lo ro p h y l l  (mg/1) = 17.3Ag4g + 7.18A^g3
3 .4  BLOOD ANALYSIS
3 .4 .1  Sampling
Venous blood samples were c o l l e c te d  from a l l  animals be fore  f i e l d  
t r i a l s  began and a t  r e g u la r  i n t e r v a l s  th roughout  t h e i r  course.
When whole blood o r  plasma was requ i red samples were c o l l e c t e d  in 
tubes con ta in ing  l i t h i u m  herapin as the  an t ic o a g u la n t .  S i l i c o n  l i n e d
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tubes were used when serum on ly  was requ i red .
3 -4 .2  Plasma Copper
Copper c o n c e n t r a t i o n s  in  b lood  p lasma, used t o  assess  t h e  copper  
s t a t u s  o f  a n im a ls  i n v o l v e d  i n f i e l d  t r i a l s ,  was d e te rm in e d  by th e  
f o l l o w in g  method:
( i )  Prepara t ion
Whole blood i s  c e n t r i f u g e d  a t  3000 r .p .m .  f o r  20 minutes and 
the plasma removed as the supernatant.
( i i )  Ana lys is
. Copper was determined by ana lys ing a 1:10 plasma:water s o lu t io n  
using A.A.S.  ( s e c t io n  3 . 1 . 2 ) .  Resul ts are expressed in jjmol 
Cu/1 plasma.
3 .4 .3  Plasma Magnesium (Mg) and Calcium (Ca)
These two e lem e n ts  were ana lysed  t o  m o n i t o r  hypoca lcaem ia  and 
hypomagnesaemia and a re  good i n d i c a t o r s  o f  t h e  l i k e l i h o o d  o f  
associated animal hea l th  problems e s p e c ia l l y  around lambing t im e.
( i )  Prepara t ion
As in 3 . 4 . 2 .  ( i )  above.
( i i )  Ana lys is
Magnesium and ca lc ium were determined by A.A.S. a f t e r  a 1:75 
d i l u t i o n  o f  plasma w i th  a lanthanum/phosphate (50:1 s o lu t i o n  in 
HCIO4 ) b u f f e r .  The use o f  the  b u f f e r  i s  necessary as the 
s e n s i t i v i t y  o f  A.A.S. t o  these two elements is  depressed by the 
format ion o f  s t a b le  compoudns o f  Mg and Ca w i th  sulphates ,
85
s i l i c a t e s  and aluminates  in the  f lame. These compounds reduce 
t h e  number o f  f r e e  Ca and Mg atoms which can be re a d .  
Lanthanum (La)  a l s o  fo rms  s t a b l e  compounds w i t h  t h e  above 
i n t e r f e r i n g  a n io n s ;  t h e r e f o r e  by add ing  La t o  t h e  plasma 
s o l u t i o n  in  e x c e s s ,  t h e  sough t  a f t e r  e lem e n t ,  e . g .  Ca i s  
released as f re e  atoms which are able t o  absorb o r  emit  t h e i r  
reasonance energy.  Resul ts  are expressed in mg/100 ml plasma.
3 .4 .4  Haemoglobin (Hb)
The method used t o  assess haemoglobin l e v e ls  was based on t h a t  o f  
Drabk in and Aust in (1935) and has been modi f ied in to  k i t  form by 
Sigma D iagnos t ics ,  St .  Lou is ,  U.S.A. (Procedure No. 525).
Haemoglobin in whole blood i s  converted by Drabkins reagent (20 :4 :1  
sodium b icarbonate ;  potassium f e r r i c y a n id e ;  potassium cyan ide)  t o  
cyanmethaemoglobin. The c o lo u r  i n t e n s i t y  o f  t h i s  is  p ro p o r t io n a l  t o  
t h e  h a e m o g lo b in  c o n c e n t r a t i o n  in  b l o o d .  C y a n m e th a e m o g lo b in  
c o nce n t ra t io n  is  p h o to m e t r i c a l l y  determined at  540 mm using a Pye 
Unicam SP8  -  500 U . V . / V . I . S .  spect rophotometer .  Resul ts  are given in 
gHb/100 ml whole b lood.
3 .4 .5  Lead (Pb)
Lead concen t ra t ions  were measured by a m o d i f i c a t io n  o f  the  c h e l a t i o n -  
e x t r a c t i o n  techn ique o f  F a r e l l y  and Pybus (1969) in which lead is  
ex t ra c te d  d i r e c t l y  from whole b lood.  This method requ ired n e i t h e r  
p r o te in  p r e c i p i t a t i o n  nor any pH adjustments as employed in o the r  more 
complex methods and is  t h e r e fo r e  a rap id  and simple techn ique.
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A 25 :1 :10 :1 :25  suspension o f  whole blood:sapon1n:formam1de;ammon1um 
p y r o l i d l n e  d i t h i o c a r b o n a t e  ( A . P . D . C . ) : m e t h y l  i s o b u t y l  ke to n e  
( M . I .B .K . )  is  we l l  mixed. The formamide breaks down the blood c e l l s  
t o  re lease the  lead which is  complexed by A.P.D.C. and taken in to  the 
o r g a n i c  phase ( M . I . B . K . ) .  The suspens ion  i s  c e n t r i f u g e d  a t  3500 
rev/min f o r  2 0  minutes and the organ ic  la ye r  separated and re ta ined .  
Due t o  poor s e n s i t i v i t y  obtained by d i r e c t  a s p i r a t i o n  o f  the  organ ic  
s o ie n t  in A.A.S.  a r e s o lu t i o n  in acid was employed.
The o r g a n i c  s o l v e n t  was a l lo w e d  t o  e v a p o ra te  t o  d ry nes s  a t  room 
tempera tu re .  The res idue  was then red isso lved in 10 ml o f  10% HNOg 
and re f luxed  f o r  20 minutes a t  50°C. In the ac id ,  s e n s i t i v i t y  was 
improved and t h e  lead  c o n c e n t r a t i o n  was d e te rm in e d  u s in g  A .A .S .  
( s e c t io n  3 , 1 . 2 ) .  Resu l t s  are given in j jg Pb/ml b lood.
3 , 4 , 6  V i tamin  De te rm ina t ion  f o r  Coba l t  S ta tus
Vi tamin 8 ^ 2  l e v e ls  in blood were used to  assess the  c o b a l t  s ta tus  o f  
animals invo lved in f i e l d  t r i a l s .
Vi tamin B -^ 2 blood serum was determined using a k i t  developed by 
Becton and D ick inson  (B and D), Orangeburg, New York,  U.S .A. ,  which i s  
based on the techn ique  o f  Lau e t  a l  (1965).  Th is  i s  a rad io  assay 
which measures o n ly  p h y s i o l o g i c a l l y  a c t i v e  ( " t r u e " )  v i tam in  Bj_2 * The 
method uses the  p r i n c i p l e  o f  com pe t i t ive  p ro te in  b ind ing  in which 
un labe l le d  ( t e s t  serum) and r a d io a c t i v e l y  la b e l le d  (prepared) v i tam in  
B ] ^ 2  compete f o r  a l i m i t e d  number o f  s p e c i f i c  b i n d i n g  s i t e s  on a 
v i tam in  B^ 2  b inde r  p r o te in  and e q u i l i b r i u m  is  e s ta b l is h e d .  The le ve l  
o f  r a d i o a c t i v e  bound v i t a m i n  6 ^ 2  i s  i n v e r s e l y  r e l a t e d  t o  t h e  
conce n t ra t io n  o f  n o n - ra d io a c t i v e  v i tam in  B -^ 2 in the  t e s t  sera.  A f t e r
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incuba t ion  the bound and f re e  f r a c t i o n s  are separated using charcoal 
and t h e  amount o f  r a d i o a c t i v i t y  measured by gamma s c i n t i l l a t i o n .  
Resu l ts  are expressed in ng v i tam in  B^2 /ml b lood,
3 .4 .7  Selenium Status as Determined by G lutathione Peroxidase (GSH- 
Px) estim ation
The o n ly  known fu n c t io n  o f  Se in the  animal i s  the  d e s t ru c t io n  o f  
p e r o x id a s e s  t h r o u g h  t h e  a c t i v i t y  o f  t h e  selenoenzyme g l u t a t h i o n e  
perox idase ( S u t t l e  and L i n k l a t e r ,  1983).  There fore  measurement o f  
GSH-Px in the  blood can be used to  assess the  Se s ta tu s  o f  animals.
The techn ique used i s  a modi f ied enzyme assay based on t h a t  o f  Godwin 
e t  a l (1973).  The s t a te  o f  g lu ta th io n e  o x id a t io n  by peroxidase in the  
blood l y s a te  (1:40 whole b lood :wa te r )  was measured by f o l l o w in g  the 
r a te  o f  disappearance o f  n ico t inam ide  adeniene d inudeo t ide  phosphate 
( N . A . D . P . H . )  which i s  a l s o  i n v o l v e d  in  t h e  r e a c t i o n  and which i s  
p resen t  in equal amounts t o  GSH-Px. G lu ta th ione  reductase is  included 
t o  m a in t a i n  t h e  p resence  o f  g l u t a t h i o n e  in  t h e  reduced fo rm .  
A c t i v i t i e s  were measured in 1.5 ml a l i q u o ts  using a Pye Unicam SP30 
spectrophotometer  a t  340 nm and the  c a l c u l a t i o n  i s  based on the  ra te  
o f  re a c t io n  ( i . e .  absorbance change per minute) over  the f i r s t  2-20 
m inutes.  Resul ts  are expressed as U GSH-Px/ml b lood.
3 .4 .8  Serum G lutam lc-O xalacetic Transaminase (S .G .O .T .)
S.G.O.T. is  a l i v e r  enzyme which may a lso  be found in the blood o f  
sheep. Elevated S.G.O.T. concen t ra t ions  in the  blood g ive  advance 
w a rn in g  o f  t h e  h a e m o ly t i c  c r i s i s  and dea th  due t o  c h r o n i c  copper  
po ison ing  (MacPherson and Hemingway, 1969).  S.G.O.T. concen t ra t ions  
were d e te rm in e d  c o l  o u r m e t r i c a l 1 y by f o l l o w i n g  t h e  p roc ed u re  and
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employing the  reagents as d e ta i le d  in the  Sigma Chemical Company's 
Technica l  B u l l e t i n  No. 505 (1963) in o rde r  t o  diagnose l i v e r  necros is  
due t o  copper po ison ing .  Resul ts are expressed in Sigma-Frankel u n i t s  
o f  S.G.O.T. per ml blood plasma.
3 .5  MISCELLANEOUS MATERIALS AND METHODS
3 .5 .1  Chemicals
D i s t i l l e d  water  was used in the p repa ra t ion  o f  a l l  samples, reagents ,  
and standard s o l u t i o n s .  "Ana la r "  o r  "Spec tro"  grade chemicals were 
used f o r  a l l  reagents.
3 .5 .2  Washing
Sample cups, po lypropy lene b o t t l e s  and glassware were soaked in 10% 
n i t r i c  a c id  o v e r n i g h t  and r i n s e d  s u c c e s s i v e l y  in  d e i o n i s e d  and 
d i s t i l l e d  wate r .  They were then d r ied  in a fan-oven p r i o r  t o  use,
3 .5 .3  Liquid Feed fo r  Glasshouse Pots
As po ts  were kep t  f o r  a cons iderab le  leng th  o f  t ime the re  was a 
requi rement f o r  a l i q u i d  feed t o  main ta in  optimum herbage growth.  The 
feed used was a high n i t rogen  s o l u t i o n  made up as f o l l o w s ;
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Stock solu tion
g/1
( i ) Ca (N03 ) 2 . 4H20 5 9
( i i ) KNO3 7 9
NH4 H2 PO4 1 2
NH4NO3 1 1
MgS0 4  7 .H2 O 25
H3 B0 3 0.17
Equal volumes o f  stock s o lu t i o n s  ( i )  and ( i i )  were d i l u t e d  1:100 w i th  
d i s t i l l e d  water and mixed toge the r .  Th is  was then fed t o  pots in 5 ml 
a l i q u o t s  when requ i re d .
3 .6  STATISTICAL ANALYSIS
A l l  s t a t i s t i c a l  ana lys is  was c a r r ie d  ou t  using s t a t i s t i c a l  computer 
packages on a Comart computer. Th is  involved "M in i ta b "  (Ryan e t  a i ,  
1981) f o r  regress ions  and c o r r e la t i o n s ,  w h i le  ana lys is  o f  var iance was 
o b t a i n e d  u s in g  "EDEX" ( A . F . R . C . ,  S t a t i s t i c s  U n i t ,  E d in b u rg h .  
Unpub l ished) .
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CHAPTER 4 . CHARACTERISATION OF THE CU FERTILISER
4 .1  INTRODUCTION
The co p p e r  f e r t i l i s e r  i s  a l a r g e l y  u n r e f i n e d  and unprocessed b y ­
product  o f  the  brass manufactur ing in dus t ry  from one foundry in the  
West Midlands o f  England. I t  is  a sand based m a te r ia l  con ta in ing  55% 
s i l i c a  as SIO2  (Birmingham U n iv e r s i t y ,  P r i v a te  Communication) which 
was stored in a c la y  l i ned  p i t .  The m a te r ia l  i s  unique in t h a t  
manufactur ing on the  s i t e  was conf ined t o  brass p roduc t ion  on ly  and no 
o th e r  m e ta l l u r g i c a l  processes were c a r r ie d  o u t .  The raw mate r ia l  was 
ground t o  pass through a 2 mm sieve before use in a g r i c u l t u r e .
L i t t l e  was known o f  the m a te r ia ls ,  chemical compos i t ion or  phys ica l  
and chemical  p r o p e r t i e s .  I t  was, t h e r e fo re ,  necessary to  assess some 
o f  the  bas ic  p r o p e r t ie s  in o rder  t o  ob ta in  a b e t t e r  understanding o f  
how the  Cu f e r t i l i s e r  i t s e l f  might behave when app l ied  t o  the s o i l .
The conc e n t ra t io n s  o f  Cu and Zn in the  f e r t i l i s e r  were determined. In  
a d d i t i o n ,  as the  Cu f e r t i l i s e r  is  a by -p roduc t  o f  a m e ta l l u rg i c a l  
process in which the re  may be contaminat ion by o th e r  heavy metals,  the  
conc e n t ra t io n s  o f  Fe, Pb, Cd, Mn, Cr and Ni were a lso  determined.
The Cu f e r t i l i s e r  is  used as a powder composed o f  vary ing  p a r t i c l e  
s iz e s .  The p a r t i c l e  s ize  d i s t r i b u t i o n  is  l i k e l y  t o  a f f e c t  the ra te  o f  
degradat ion o f  the  Cu f e r t i l i s e r  in the s o i l .  The r e l a t i v e l y  l a r g e r  
s u r f a c e  a rea  pe r  u n i t  w e ig h t  o f  s m a l l e r  p a r t i c l e s  may a l l o w  t h a t  
f r a c t i o n  t o  degrade qu icke r .  Thus knowledge o f  the  p a r t i c l e  s iz e  
d i s t r i b u t i o n  w o u ld  be v a l u a b l e  i n  a s s e s s i n g  t h e  l o n g  t e r m  
e f fe c t i v e n e s s  o f  the  Cu f e r t i l i s e r .  Ana lys is  o f  the  d i f f e r e n t  s iz e
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f r a c t i o n s  s h o u ld  g i v e  some idea o f  t h e  way in  wh ich  t h e  Cu was 
d i s t r i b u t e d  in the  m a te r i a l ,  f o r  example as a su r face  coa t ing  o r  f r e e  
metal p a r t i c l e .  In  a d d i t i o n ,  f u r t h e r  process ing in v o lv i n g  the grad ing 
o f  s iz e  f r a c t i o n s  may a l low simple man ipu la t ion  o f  the  composi t ion and 
p r o p e r t ie s  o f  the  m a te r i a l .
I f  t h i s  m a te r ia l  when used as a Cu f e r t i l i s e r  i s  t o  be a v ia b le  slow 
re lease  source o f  Cu t o  the p la n t  then i t  must be s p a r in g ly  so lub le  in
wa te r .  I f  i t  i s  very so lub le  then the Cu w i l l  be r a p id l y  released
in t o  the s o i l  s o l u t i o n  and immobi l ised by s t rong adsorp t ion  processes 
in t h e  s o i l  thus  making i t  unava i lab le  t o  the p la n t  and w i l l  have the  
same drawbacks as copper su lphate  (sec t ion  2 . 4 . 1 ) ,  Whereas i f  i t  is
t o t a l l y  i n s o lu b le  th e re  w i l l  a lso be no Cu a v a i la b le  f o r  p la n t  uptake
and so the Cu f e r t i l i s e r  w i l l  be o f  no va lue.  Thus the  s o l u b i l i t y  o f  
t he  Cu f e r t i l i s e r  w i l l  t o  a la rge  ex ten t  determine i t s  e f fe c t i v e n e s s  
as a slow re lease Cu source.
The pH o f  the  s o i l  s o lu t i o n  w i th  which the Cu f e r t i l i s e r  w i l l  be in 
c o n ta c t  can vary  g r e a t l y .  Thus the s o l u b i l i t y  and ra te  o f  re lease o f  
Cu a t  d i f f e r e n t  pH's was studied using a range o f  reagents.
4-2  MATERIALS AND METHODS
4 .2 .1  A n a l y s i s  o f  t h e  Cu F e r t i l i s e r  f o r  T o t a l  T r a c e  E le m e n t  
Concentration
Subsamples f rom  s i x  i n d i v i d u a l  25 kg bags o f  Cu f e r t i l i s e r  were 
analysed. The concen t ra t ion  o f  t o t a l  Cu, Zn, Fe, Pb, Cd, Mn, Cr and 
Ni in the Cu f e r t i l i s e r  were determined by the  aqua reg ia  technique as 
used f o r  t h e  t o t a l  t r a c e  e lement  c o n c e n t r a t i o n  o f  s o i l s  ( s e c t i o n
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3 , 2 . 9 ) .  Each ana ly s is  was c a r r ie d  ou t  in d u p l i c a te ,
4 .2 .2  P a r t ic le  Size D is trib u tio n  and Trace Element Analysis
One hundred grams o f  the Cu f e r t i l i s e r  was brushed onto a 2 mm mesh 
s ieve  arranged over  a nest o f  s ieves as fo l l o w s :  1000, 600, 500, 212,
106, 63 yjm and re c e iv e r .  The sieves were covered and shaken on a 
s ieve  shaking machine (Endecotts L t d . ,  London) f o r  15 minutes.  The 
con ten ts  o f  each s ieve were then weighed. The above process was 
c a r r i e d  out  on d u p l i c a te  samples from two separate bags o f  the Cu 
f e r t i l i s e r  and r e s u l t s  are given as a percentage o f  the  t o t a l .
Each in d i v i d u a l  f r a c t i o n  obtained was analysed f o r  t o t a l  t r a c e  element 
c o n c e n t r a t i o n .
4 .2 .3  S o lu b il ity  and Rate o f Release o f Cu
The chemical  reagents used were:
( i )  HgO ( d i s t i l l e d ) .
( i i )  0.01 M ca lc ium c h lo r i d e .
( i i i )  1 M ammonium ace ta te .
( i v )  0,05 M E.D.T.A. buf fe red  t o  pHs 4, 5 .5 ,  7 and 8 using M n i t r i c  
acid o r  M ammonium s o lu t i o n .
(v )  0.5 M a c e t i c  acid (pH 4) ,
( v i )  6 M h y d ro c h lo r i c  acid (pH 1) .
D i s t i l l e d  water was used to  look a t  the water s o l u b i l i t y  o f  the Cu 
f e r t i l i s e r .  However,  as t h e  s o i l  s o l u t i o n  w i t h  wh ich t h e  Cu 
f e r t i l i s e r  i s  in con tac t  is  a s a l t  s o l u t i o n ,  0.01 M ca lc ium c h l o r i d e  
and 1 M ammonium n i t r a t e  were used t o  study i t s  s o l u b i l i t y  in a d i l u t e
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s a l t  s o l u t i o n .  These two s a l t s  were chosen as a t  these c oncen t ra t ions  
they  are thought  t o  be o f  the approximate s a l t  concen t ra t ion  found in 
a normal temperate s o i l  (Scho f ie ld  and T a y lo r ,  1955). The l a t t e r  two 
s a l t  s o l u t i o n s  w i t h  a c e t i c  and h y d r o c h l o r i c  a c id s  were used t o  
i n v e s t i g a t e  the  e f f e c t s  o f  decreasing pH on th e  s o l u b i l i t y  and ra te  o f  
re lease  o f  Cu from the Cu f e r t i l i s e r .  E .D.T .A.  bu f fe red  to  a range o f  
pHs was a lso used t o  look a t  the e f f e c t s  o f  pH, In a d d i t io n  E.D.T.A. 
would a l low  the  e f f e c t s  o f  a c h e la t in g  agent on the Cu f e r t i l i s e r  t o  
be s tu d ie d .  Th is  may g ive  an in d i c a t i o n  o f  the io n ic  s t a te  o f  the  Cu 
in th e  Cu f e r t i l i s e r  as the  c u p r ic  ion i s  more e a s i l y  che la ted than 
the  cuprous ion (Cotton and W i lk inson ,  1976).
The Cil f e r t i l i s e r  was mixed w i th  each o f  the  above reagents in a 1:10 
(w/v) r a t i o  and placed on an end over  end shaker f o r  shaking t imes o f  
1 /2 ,  1, 2, 4, 8, 24 and 48 hours.
A f t e r  shaking each s o lu t i o n  was f i l t e r e d  (Whatman No, 40) and the  
amount o f  Cu re le a s e d  i n t o  s o l u t i o n  f rom t h e  Cu f e r t i l i s e r  was 
determined by atomic absorp t ion spectroscopy ( 3 . 2 ) .  Each e x t r a c t i o n  
was c a r r i e d  out  on two separate occasions w i th  4 r e p l i c a t e s  in each 
batch .
4.3  RESULTS AW DISCUSSION
4 .3 .1  Total Trace Element Concentrations
The t o t a l  Cu, Zn, Fe, Pb, Cd, Mn, Cr and Ni c once n t ra t io ns  in the  Cu 
f e r t i l i s e r  are given in Table 4 .1 .  The most abundant elements are Cu 
(2%), Zn (2%) and Fe (3%). I t  a lso  con ta ins  0.3% Pb and sm a l le r  
amounts o f  Cd, Mn, Cr and Ni .  The conce n t ra t io n  o f  each o f  these
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elements 1n the Cu f e r t i l i s e r  was r e l a t i v e l y  un i fo rm among the bags 
sampled. The Cu c once n t ra t io n  in t h i s  m a te r ia l  is  comparable t o  t h a t  
found in o th e r  " i n s o lu b le "  Cu f e r t i l i s e r s  such as Exce l lo  and ground 
Cu s lag which con ta in  around 2.5% Cu (s ec t ion  2 . 4 . 1 ) .
Tab le  4.1
Trace element compos i t ion o f  th e  Cu f e r t i l i s e r
Element Mean t o t a l  c o nce n t ra t io n  
(mg/kg)
% o f  t o t a l  by
Cu 22150 2.2
Zn 21460 2.1
Fe 30810 3.1
Pb 3080 0.31
Cd 22 0.002
Mn 218 0.02
Cr 173 0.02
Ni 330 0.03
A t  p r e s e n t  t h e r e  a re  no r e g u l a t i o n s  g o v e rn in g  e i t h e r  t h e  maximum 
a l low ab le  c oncen t ra t ion  o f  any metal in ino rgan ic  f e r t i l i s e r s  o r  the  
amount o f  a metal t h a t  may be app l ied  t o  the  s o i l  in such a form. 
Guidance cou ld ,  however, be taken from E.E.C. l i m i t s  f o r  the maximum 
a l low ab le  conce n t ra t io ns  o f  metals t h a t  may be app l ied  to  a g r i c u l t u r a l  
land  in  t h e  fo rm o f  sewage s lu d g e  ( E . E . C . , 1986 ) ,  which a re  t h e  
nea res t  comparable recommendations. Table 4.2 shows t h a t  a t  a 370 
kg /ha Cu f e r t i l i s e r  a p p l i c a t i o n  r a te ,  as used in l a t e r  exper imenta l  
t r i a l s ,  the  c oncen t ra t ions  o f  Cu, Zn, Pb, Cd and Ni app l ied t o  the  
s o i l  are we l l  below the  maximum recommended a p p l i c a t i o n s  o f  metals in
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sewage sludge.
Table 4 .2
Comparison o f the amounts o f each metal applied to  land In the  
Cu f e r t i l i s e r  w ith E .E .C . l im its  fo r  sewage sludge
Element Cu f e r t i l is e r ®  ( t /h a /y r )  E .E .C . l im i t *  ( t /h a /y r )
Cu 2.7 12
Zn 2.6 30
Pb 0 .4  15
Cd 0.002 0.15
N1 0.04 3
^Annual metal load ing from a p p l i c a t i o n  o f  370 kg/ha Cu f e r t i l i s e r  
assuming a reapp l ica ton  ra te  o f  every th ree  years.
* L i m i t  v a lu e s  f o r  t h e  amount o f  heavy m e ta ls  wh ich may be added 
ann ua l ly  t o  a g r i c u l t u r a l  land in the  form o f  sewage sludge based on a 
10 year  average (E .E .C. ,  1986).
4 .3 .2  P a r t ic le  Size D is tr ib u tio n  and Analysis o f Size Fractions
The mean p a r t i c l e  s ize  d i s t r i b u t i o n  o f  the  Cu f e r t i l i s e r  is  given in 
T a b le  4 . 3 .  The r e s u l t s  show t h a t  t h e  Cu f e r t i l i s e r  c o n s i s t s  o f  
m a te r ia l  less  than 200y^m in diamete r  w i th  over  90% o f  i t  being less  
than 500yum in d iamete r.  Apart  f rom 15.7% which is  less  than 63yum in 
d iamete r  ( s i l t  s ized)  the Cu f e r t i l i s e r  is  t h e r e fo re  composed o f  sand 
s ized p a r t i c l e s .  The t r a c e  element composi t ion o f  each f r a c t i o n  is  
g iven in Tab le  4 .4 ,  i t  shows t h a t  Cu is  present in a l l  the f r a c t i o n s  
and t h a t  th e  r e l a t i v e  amounts o f  the  t ra c e  elements are s i m i l a r  in 
each f r a c t i o n .  I t  w i l l  not  t h e r e fo r e  be poss ib le  t o  remove any o f  the  
heavy m e ta ls  p r e s e n t  by s im p le  m a n ip u la t i o n  o f  t h e  p a r t i c l e  s i z e
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d i s t r i b u t i o n .
Table 4.3  
Mean possible s ize  d is tr ib u tio n
Fraction  s ize  (j*m) % o f  to ta l  by weight Cummulatlve %
>2000 0 0
1001-2000 1.2 1.2
601-1000 3.2 4.4
501-600 1.8 6.2
213-500 15.3 21.5
107-212 33.8 55.3
64-106 29.0 84.3
<63 15.7 100.0
The presence o f  Zn a t  s im i l a r  c oncen t ra t ions  to  t h a t  o f  Cu th roughout  
the  Cu f e r t i l i s e r ,  means t h a t  t h i s  f e r t i l i s e r  may a lso be s u i t a b le  f o r  
use  as a Zn f e r t i l i s e r .  T h i s  p o s s i b i l i t y  may m e r i t  f u r t h e r  
i n v e s t i g a t i o n .  The p resence  o f  Pb, Cd, Mn, Cr and Ni in  t h e  
f e r t i l i s e r  may g i v e  some conce rn  and i t  was t h e r e f o r e  dec ided  t o  
m on i to r  t h e i r  uptake and c once n t ra t io ns  in herbage dur ing  t h i s  work t o  
ensure t h a t  p o t e n t i a l l y  zoo tox ic  concen t ra t ions  do not r e s u l t .
4 .4 ,3  S o lu b il ity  and Rate o f Release o f Cu
In a l l  reagents the re lease o f  Cu showed a s im i l a r  curve such t h a t  a 
near maximum was reached w i th in  24 hours.  Resu l ts  f o r  each reagent 
are shown g r a p h i c a l l y  in Figures 4.1 t o  4 .6 .  Percentage s o l u b i l i t y  a t  
24 hours is  used as a comparat ive index o f  the s o l u b i l i t y  and ra te  o f
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re lease o f  Cu in each reagent (Table 4 ,5 ) .  The s o l u b i l i t y  and ra te  o f  
re lease  o f  Cu were lowest  w i th in  water and calc ium c h l o r i d e  in which 
th e  Cu f e r t i l i s e r  was on ly  s p a r in g ly  so lub le .  However, as the  aqueous 
s o l u b i l i t y  o f  most Cu compounds is  very low (Cotton and W i lk inson ,  
1976) t h i s  was not unexpected. The slow re lease o f  Cu in water and 
c a l c i u m  c h l o r i d e  t o g e t h e r  w i t h  t h e  wide range o f  p a r t i c l e  s i z e s  
suggests t h a t  in theo ry  the Cu f e r t i l i s e r  should be able t o  ac t  as a 
slow release form o f  Cu t o  the p la n t .
Table 4 .5
Percentage o f Total Cu Released In to  Solution a f te r  24 hours
Reagent % Cu released a t 24 hours
Water 0,01
Calcium c h lo r i d e  0,01
Ammonium aceta te  22,5
E.D.T.A. pH 4 53.0
E.D.T.A. pH 5,5 51.0
E.D.T.A, pH 7 50.0
E.D.T.A, pH 8 47.0
Ace t i c  acid 70,0
H yd roch lo r ic  acid 85,0
Al though the ra te  o f  re lease o f  Cu from the d i f f e r e n t  Cu f e r t i l i s e r  
s i z e  f r a c t i o n s  was not compared i t  is  assumed t h a t  the  Cu i s  in the  
same form in each f r a c t i o n  and as such w i l l  re lease Cu a t  the  same 
r a te .  However, the  sm a l le r  f r a c t i o n s  which have the  la r g e s t  su r face  
area should re lease a g re a te r  p ro p o r t io n  o f  t h e i r  Cu f i r s t  g i v in g  an
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immediate source o f  Cu w i th  the  l a r g e r  p a r t i c l e s  supp ly ing  Cu over a 
longer  t ime span.
The ra te  o f  re lease o f  Cu from the  Cu f e r t i l i s e r  increased as the  
s o l u t i o n  became more a c i d i c  (F igures  4.3 -  4 . 6 ) .  Thus the  re lease o f  
Cu is  dependent on pH. This im p l ies  t h a t  under t h e  a c i d i c  s o i l
c o n d i t io n s  o f  Great B r i t a i n  i t  is  l i k e l y  t h a t  t he re  w i l l  be a f a s te r  
ra te  o f  re lease o f  Cu from the  Cu f e r t i l i s e r  than suggested by i t s
water  s o l u b i l i t y .  Thus Cu may be released more r a p id l y  in a c id i c
s o i l s ,  however t h i s  does not nec e s s a r i l y  mean t h a t  the  a v a i l a b i l i t y  o f  
t h a t  Cu w i l l  increase as the  e x t ra  Cu may be immobi l ised by the  s o i l .  
There fo re  under a c i d i c  c o n d i t io n s  more f requent  a p p l i c a t i o n s  may be 
r e q u i r e d  i f  t h e  a v a i l a b i l i t y  o f  t h e  Cu t o  t h e  p l a n t  i s  t o  be
main ta ined.
The ra te  o f  re lease o f  Cu was no t  e n t i r e l y  governed by pH. The 
c h e la t i n g  agent E.D.T.A. removed 47% o f  the Cu in the  f e r t i l i s e r  a t  
pH 8 and t h i s  on ly  increased t o  53% a t  pH 4. Thus Cu can be removed 
from the  Cu f e r t i l i s e r  by c h e la t i o n .  This suggests t h a t  the  Cu is  
p resen t  in the c u p r ic  Cu^^ form r a th e r  than the cuprous Cu^, as the  
former is  more r e a d i l y  che la ted (Cotton and W il k inson ,  1976). The 
presence o f  Cu throughout  the  p a r t i c l e  s ize  range o f  the  Cu f e r t i l i s e r  
t o g e th e r  w i th  the f a c t  t h a t  the  Cu can be che lated im p l ies  t h a t  the Cu 
i s  presen t as a sur face coa t  as i f  i t  was d i s t r i b u t e d  th roughout  the  
p a r t i c l e s  the Cu would not be a v a i l a b le  f o r  c h e la t i o n .  Th is  t oge the r  
w i th  the  knowledge t h a t  the  r e l a t i v e  amounts o f  each t r a c e  element in 
the  f r a c t i o n s  are s i m i l a r ,  suggests t h a t  the  unground m a te r ia l  from 
which the  Cu f e r t i l i s e r  i s  der ived i s  i t s e l f  a very un i fo rm  m a te r i a l .  
Thus when i t  i s  ground t o  produce the Cu f e r t i l i s e r ,  t h i s  process
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s h a t te rs  the m ate r ia l  t o  produce the  range o f  p a r t i c l e  s izes  observed 
w i t h  t h e  t o t a l  amount o f  t r a c e  e lemen t  p re s e n t  v a r y i n g  w i t h  t h e  
amount o f  sand in a f r a c t i o n .  Due t o  the high temperatures used in 
brass manufactur ing i t  i s  l i k e l y  t h a t  the Cu is  present as CuO o r  CuS
o r  as a m ix ture  o f  these along w i th  some pure meta l ,  however f rom the
r e s u l t s  obtained here i t  i s  s t i l l  impossible t o  g ive  the  ac tua l  form 
in which the Cu is  p resen t .
One problem t h a t  t h i s  work has thrown up is  regarding the  s u i t a b i l i t y  
o f  using E.D.T.A. t o  assess p la n t  a v a i la b le  Cu conce n t ra t io ns  in the 
s o i l  when Cu f e r t i l i s e r  has been a pp l ied .  In Great B r i t a i n  the  p la n t  
a v a i l a b le  Cu is  predominant ly  o r g a n i c a l l y  bound and so the  c h e la t i n g  
agent E.D.T.A. has been w ide ly  used f o r  i t s  es t im a t ion  in  the  s o i l  
( sec t ions  2 .1 ,3  and 2 . 1 . 4 ) .  However, these re s u l t s  show t h a t  the  Cu 
f e r t i l i s e r  is  very s o lu b le  in E.D.T.A. which w i l l  e x t r a c t  50% o f  the  
Cu in the Cu f e r t i l i s e r  w i t h in  8 hours (F igure  4 .4 ) .  Thus when the Cu 
f e r t i l i s e r  is  present  in the  s o i l  E.D.T.A. e x t r a c t i o n  may not  be a 
s u i t a b le  method f o r  assessing p la n t  a v a i la b le  Cu, as la rg e  amounts o f  
Cu w i l l  be s o l u b i l i s e d  from the Cu f e r t i l i s e r  not a l l  o f  which may 
a c t u a l l y  be p la n t  a v a i l a b le .  The f a c t  t h a t  some o f  the  Cu in the
f e r t i l i s e r  can be removed by c h e la t i o n  imp l ies  t h a t  some o f  i t  i s
p la n t  a v a i la b le .
4 .4  SUMMARY
4.4 .1  The Cu f e r t i l i s e r  i s  a sand based m a t e r i a l  c o n t a i n i n g  
approx imate ly  2% Cu, 2% Zn and 3% Fe. I t  a lso  c on ta ins  much 
sma l le r  amounts o f  Pb, Cd, Mn, Cr and N i .
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4 .4 .2  The Cu f e r t i l i s e r  con ta ins  a wide range o f  d i f f e r e n t  p a r t i c l e  
s izes .  Copper is  p resent  in a l l  the s iz e  f r a c t i o n s .  The
r e l a t i v e  am oun ts  o f  each  t r a c e  e l e m e n t  a r e  c o n s i s t e n t
throughout  each s iz e  f r a c t i o n .
4 .4 .3  The Cu f e r t i l i s e r  i s  s p a r i n g l y  s o l u b l e  i n  w a t e r .  I t s
s o l u b i l i t y  increases as the  s o lu t i o n  becomes more a c i d i c .
4 .4 .4  T h is  f e r t i l i s e r  c o n t a i n s  enough Cu t o  be an e f f e c t i v e  Cu 
f e r t i l i s e r .  I t s  p a r t i c l e  s i z e  d i s t r i b u t i o n  and s o l u b i l i t y  
suggest t h a t  when app l ied  t o  the s o i l  the Cu f e r t i l i s e r  should 
be able t o  ac t  as a slow release form o f  Cu t o  p la n ts .
4 .4 .5  The presence o f  0.3% Pb and the sm a l le r  amounts o f  th e  heavy 
metals Cd, Mn, Cr and Ni in the Cu f e r t i l i s e r  means t h a t  in 
add i t ion  to  Cu and Zn i t  w i l l  be necessary t o  mon ito r  these 
e lements  in f u r t h e r  work t o  p r e v e n t  any p o t e n t i a l l y  t o x i c  
e f f e c t s .
4 .4 .6  E.D.T.A. s o i l  e x t r a c t i o n s  are not s u i t a b le  f o r  assessing p l a n t  
a v a i la b le  Cu when the  Cu f e r t i l i s e r  is  p resent  in the s o i l .
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CHAPTER 5 . ANIMAL RESPONSE TRIAL, GARMORE FARM 
5 .1  INTRODUCTION
Copper  d e f i c i e n c y  in  sheep c o n t i n u e s  t o  cause p rob lem s in G rea t  
B r i t a i n ,  desp i te  the f a c t  t h a t  i t s  ex is tence  was f i r s t  recognised over  
50 years ago. The f o l l o w in g  t r i a l  was conducted t o  eva lua te  the  
e f fe c t i v e n e s s  o f  the  new slow re lease  t ra c e  element f e r t i l i s e r  in the  
p r e v e n t i o n  o f  Cu d e f i c i e n c y  in  sheep.  The t r i a l  i n v o l v e d  t h e  
t rea tm en t  o f  a 4 ha f i e l d ,  in an area o f  known Cu d e f i c i e n c y ,  w i th  the  
Cu f e r t i l i s e r .  T h i r t y  ewes and t h e i r  sp r ing -born  lambs were then 
al lowed t o  graze the t re a te d  sward. Blood plasma Cu conce n t ra t io ns  
were monitored to  determine i f  t rea tm en t  o f  the sward was e f f e c t i v e  in 
p reven t ing  Cu d e f i c ie n c y  in the  l i v e s t o c k .  In o rder  t o  assess the  
res idua l  value o f  the  Cu f e r t i l i s e r  the  animal response t r i a l  was 
cont inued f o r  a per iod o f  31 months from November 1985 t o  June 1988.
5 .2  OBJECTIVE
The o b je c t i v e  o f  t h i s  t r i a l  was t o  eva luate  the  e f fe c t i v e n e s s  o f  a 
s in g le  a p p l i c a t io n  o f  the Cu f e r t i l i s e r  t o  pasture f o r  the  p reven t ion  
o f  Cu d e f i c ie n c y  in sheep and in p a r t i c u l a r  swayback in t h e i r  lambs. 
The f i e l d  t r i a l  cons is ted  o f  two main components;
(a ) Ewe response t r i a l
To compare the performance o f  ewes graz ing pasture n a t u r a l l y  low in 
a v a i l a b le  Cu w i th  t h a t  o f  ewes g raz ing  comparable pasture  t re a te d  w i th  
Cu f e r t i l i s e r .
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(b ) Lamb response t r i a l
The spr ing -born  lambs from the  ewes in the ewe response t r i a l  were 
used t o  ca r ry  out  a s i m i l a r  response t r i a l  on the same s i t e  over  the  
s p r ing  and summer months.
These t r i a l s  o f  course cannot be t o t a l l y  separated as the  e f f e c t s  in 
(a) have im p l i c a t io n s  f o r  ( b ) .  Thus the  t r i a l  is  one e n t i t y  which has 
been s p l i t  i n to  two f o r  convenience o f  p resen ta t ion .
5 .3  EWE RESPONSE TRIAL, EXPERIMENTAL METHODS
5 .3 .1  S ite  Description
The f i e l d  s i t e  was s i t u a te d  a t  Garmore Farm, h a l f  way up the  Campsie 
h i l l s ,  a p p r o x im a t e l y  2 m i l e s  f rom  M i l t o n  o f  Campsie (O .S.  map 
re fe rence NS643786). The farm has a h i s t o r y  o f  Cu d e f i c i e n c y  problems 
due t o  a combinat ion o f  low s o i l  Cu concen t ra t ions  and r e l a t i v e l y  high 
herbage Mo and S c o n c e n t ra t io n s .  Swayback in lambs from unt rea ted  
ewes and growth responses in c a t t l e  t o  Cu supplementaton have been 
noted in the  past (MacPherson, personal  communication).
The f i e l d  was 8 ha (20 acres)  in  area, a t  an e le v a t io n  o f  170-200 m 
and re p re s e n te d  t h e  h i g h e s t  a rea  o f  improved p a s tu r e  on t h e  fa rm  
(P la te  5 . 1 ) .  The s o i l  was a f r e e  d r a in in g  brown f o r e s t  s o i l  o f  the  
D a r l e i t h  s e r ie s .  The area is  s u b je c t  t o  an average annual r a i n f a l l  o f  
1400 mm. The f i e l d  was fenced down the middle to  c re a te  two 4 ha 
paddocks f o r  the t r i a l  (F igu re  5 . 1 ) .
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To assess the Cu s ta tu s  and u n i f o r m i t y  o f  f e r t i l i t y  across the  f i e l d  
s i t e  p r i o r  t o  a p p l i c a t i o n  o f  the Cu f e r t i l i s e r ,  i t  was d iv ided  i n t o  8 
s e c t io n s  and a composite s o i l  sample 0-10 cm depth obtained from each 
s e c t i o n .
Figure 5 .1  
Plan o f Garmore f ie ld  s ite
Treated w i th  
Cu f e r t i l i s e r  
a t  370 kg/ha
Untreated
P lo ts
No r th
Downslope
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P la te  5 .1
Garmore animal response t r i a l  f ie ld  s ite
These were ana lysed  f o r  E . D . T . A .  e x t r a c t a b l e  Cu, pH, % l o s s  on 
i g n i t i o n ,  l im e  r e q u i r e m e n t ,  a v a i l a b l e  po tass ium  and a v a i l a b l e  
phosphorus using the procedures given in 3 .2 .  The two halves o f  the 
f i e l d  were found t o  be o f  reasonably un i form f e r t i l i t y ;  the  range o f  
r e s u l t s  found toge the r  w i th  the  mean value are given in Table 5 .1 .  
These show the s o i l  t o  have a moderate le ve l  o f  P, moderately high 
o rgan ic  ma t te r  con ten t  and high K. The Cu s ta tu s  o f  the  s o i l  i s  
c l a s s i f i e d  as being ( M . I .S .R . ,  1985).
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Table 5.1
Response t r ia l  soil analysis results
Analysis Range Mean
Loss on i g n i t i o n  (%) 15.8 -  16.2 16.1
Lime requirement t o  pH 5.8 ( t / h a ) 6.9 -  7.1 7.0
E.D.T.A. e x t r a c ta b le  Cu (mg/kg) 3.4  -  3 .9 3.73
A v a i la b le  K (mg/1) 253 -  274 267
A v a i la b le  P (mg/1) 26 -  31 28
pH 5.0 -  5.2 5.13
5 .3 .2  F e r t i l is e r  A pplication
The paddock f u r t h e s t  f rom t h e  farm b u i l d i n g s  was s e l e c t e d
t rea tm en t  w i th  the  Cu f e r t i l i s e r .  Th is  ensured t h a t  no c o n t ro l  animal 
would c ro s s  t h e  t r e a t e d  p a s t u r e  on th e  way t o  o r  f rom t h e  fa rm  
b u i l d i n g s ,  o r  handl ing pens.
The Cu f e r t i l i s e r  was app l ied  as a s in g le  broadcast a p p l i c a t i o n  t o  the  
e x i s t i n g  sward, a t  a ra te  o f  370 kg/ha,  equ iva len t  t o  7.5  kg Cu/ha, on 
the  19 November 1985. A Vicon Var ispreader  was used t o  apply the 
f e r t i l i s e r .  Th is  i s  a swinging o u t l e t  machine which uses a pendulum 
a c t i o n  t o  spread t h e  Cu f e r t i l i s e r .  As such i t  i s  v i r t u a l l y  
una ffec ted  in i t s  spread p a t te rn  by s lope, u n l i k e  the  more popula r  
r o t a t i n g  d isc  f e r t i l i s e r  spreader.
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P la te  5 .2
A pplication o f the Cu f e r t i l i s e r  to  the f ie ld  s ite
A
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A l i g h t  breeze dur ing  c a l i b r a t i o n  o f  the Vicon Var isp reader  revealed 
t h a t  the  Cu f e r t i l i s e r  was prone t o  d r i f t i n g .  However, the  breeze 
dropped p r i o r  t o  t h e  f i e l d  a p p l i c a t i o n  and so caused no d r i f t i n g  
problem. Using t h i s  machine a good even spread o f  the  f e r t i l i s e r  was 
o b t a i n e d ,  wh ich l e f t  an even g re y  c o a t i n g  on t h e  t r e a t e d  p a s t u r e  
(P la te  5 .2 ) .
5 .3 .3  Ewe Se lec t ion
From the  farm f l o c k  o f  over 600 S c o t t i s h  Blackface ewes, 60 were 
se lec ted  to  be rep res en ta t iv e  o f  the  age range o f  the  f l o c k .  They 
were then randomly d i v id e d  in to  two rep resen ta t ive  groups o f  30 and 
tagged f o r  i d e n t i f i c a t i o n .  A per iod o f  ra in  10 days a f t e r  the  Cu 
f e r t i l i s e r  a p p l i c a t i o n ,  which was expected t o  wash the  f e r t i l i s e r  o f f  
th e  herbage, al lowed the  in t r o d u c t i o n  o f  one group onto the  t r e a te d  
p a s t u r e  w h i l e  t h e  o t h e r  group was c o n c u r r e n t l y  r e le a s e d  i n t o  t h e  
a d j a c e n t  u n t r e a t e d  paddock .  T h i s  p e r io d  between Cu f e r t i l i s e r  
a p p l i c a t i o n  and t h e  i n t r o d u c t i o n  o f  t h e  an im a ls  was n e c e s s a ry  as 
a p p l i c a t i o n  o f  the Cu f e r t i l i s e r  resu l ted  in' a grey c o a t in g  o f  the 
herbage, inges t ion  o f  which might  have led t o  unnecessary t o x i c i t y  
problems f o r  the l i v e s t o c k .
Any ewes t h a t  died o r  were sold as cas ts ,  were replaced in October 
1986 and 1987.
5 . 3 . 4  Tupping
Two S c o t t i s h  B lackface Tupps were used f o r  tupp ing .  One was released 
i n t o  each paddock and they  were swapped over a f t e r  17 days. Tupping 
took place in November 1985, 1986 and 1987.
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5 .3 .5  Blood Sampling and Analysis
At  i n t e r v a l s  o f  approx imate ly  s i x  weeks throughout  the w in te r  and fo u r  
weeks over the  spr ing  and summer, blood samples were taken from a l l  
the  animals on the t r i a l .  The blood was analysed f o r  the  range o f  
parameters given below using the  procedures in sec t ion  3 ,4 ;
( i )  Plasma Cu -  t o  assess the  Cu s ta tu s  o f  the  ewes.
( i i )  Haemoglobin (Hb) -  anaemia ( low Hb conce n t ra t io n )  is  a symptom 
o f  Cu d e f i c i e n c y  in  sheep ( s e c t i o n  2 . 2 , 3 )  and so was a l s o  
mon ito red .
( i i i )  Plasma Mg -  p lasma Mg was ana lysed  t o  m o n i t o r  p o t e n t i a l  
hypomagnesaemia problems.
( i v )  G lu tha th ione peroxidase (GSH-Px) -  concurren t  d e f i c i e n c i e s  o f  
Cu and Se are common in  S c o t l a n d ,  t h e r e f o r e  GSH-Px as an 
i n d i c a t o r  o f  Se s t a t u s  was m on i to red  t o  check t h a t  any 
d e f i c ie n c y  symptoms were no t  due t o  Se d e f i c i e n c y .
Of the  heavy metals present  in the  Cu f e r t i l i s e r ,  Pb is  p resent  in the  
l a r g e s t  c o n c e n t r a t i o n .  T h e r e f o r e  on each s a m p l ing  o c c a s io n  s i x  
a d d i t i o n a l  blood samples were taken a t  random from each group o f  ewes,
and analysed f o r  whole blood Pb conc e n t ra t io n .  Th is  was t o  determine
whether lead s ta tu s  was e leva ted  due to  the Pb con ten t  o f  the  Cu 
f e r t i l i s e r .
Y e a r ly  blood ana lys is  was a lso c a r r i e d  out f o r  v i tam in  6 ^ 2  and plasma 
Ca c onc e n t ra t io ns .  Plasma Ca concen t ra t ions  were monitored t o  ensure 
t h a t  the re  were no hypocalcaemia problems, e s p e c ia l l y  a t  lambing t im e
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as t h i s  1 s a p o t e n t i a l l y  f a t a l  c o n d i t i o n  f o r  the  ewe and can e f f e c t  
the  v i a b i l i t y  o f  i t s  lambs. Coba l t  and Cu d e f i c i e n c i e s  o f te n  occur 
to g e th e r  (Voss and MacPherson, 1977) and consequent ly the  Co s ta tu s  o f  
the  ewes was determined by v i tam in  6 ^ 2  assay.
5 *3 .6  Ewe Treatment
A f t e r  a n a l y s i s  o f  t h e  f i r s t  b a tc h  o f  b lood  samples tak en  on 13 
November  198 5 ,  45% o f  a l l  t h e  ewes showed b l o o d  p la s m a  Cu 
concen t ra t ions  below the d e f i c i e n c y  th resho ld  o f  9.4 ^m o l /1  (Grace,
1983). There fore  on 8  January 1986, 15 ewes from each s ide  o f  the  
response t r i a l  s i t e  were t r e a te d  w i th  5 g Cu needles.  Th is  both 
p ro tec ted  some o f  th e  ewes from Cu d e f ic ie n c y  and a lso al lowed a 
compar ison  o f  t h e  Cu f e r t i l i s e r  w i t h  a method p r e s e n t l y  used t o  
p reven t  Cu d e f i c i e n c y  (s ec t ion  2 . 4 . 2 ) .
Thus fo u r  d i f f e r e n t  t rea tm en t  groups were created w i t h in  the  response 
t r i a l  :
Group 1 C o n t ro l ,  g raz ing  un t rea ted  pasture (n=15).
Group 2  Grazing unt reated pas tu re  and dosed w i th  5 g Cu needles
(n=15).
Group 3 Grazing Cu t r e a te d  pas tu re  (n -15 ) .
Group 4 Grazing Cu t re a te d  pas tu re  and dosed w i th  5 g Cu needles
(n=15) .
For s i m p l i c i t y  these w i l l  be r e fe r re d  to  as the c o n t r o l ,  Cu needles,  
Cu f e r t i l i s e r  and Cu needles + Cu f e r t i l i s e r  groups, r e s p e c t i v e l y ,  in  
subsequent sec t ion s .
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As a r e s u l t  o f  conc lus ions  der ived  from the f i r s t  year o f  the  t r i a l  
( 5 . 5 . 1 ) ,  in subsequent years o n ly  15 ewes from the unt rea ted  paddock 
were dosed w i th  5 g Cu needles on 3 March 1987 and 27 October 1987 
re s p e c t i v e l y .
Thus in years 1986-88 on ly  t h re e  t rea tm en t  groups were used in  the  
t r i a l s ;
Group 1 Control  g raz ing un t rea ted  pas ture  (n=15).
Group 2 Grazing un t reated pas ture  and dosed w i th  5 g Cu needles 
(n=15).
Group 3 Grazing Cu t r e a te d  pas ture  (n=30).
For s i m p l i c i t y  these w i l l  be r e fe r r e d  to  as the c o n t r o l ,  Cu needles 
and Cu f e r t i l i s e r  groups, r e s p e c t i v e l y ,  in subsequent sec t io n s .
5 .3 .7  Herbage Sampling and Analysis
Over t h e  s p r i n g  and summer months herbage was sampled a t  r e g u l a r  
i n t e r v a l s  from each paddock. Each sample cons is ted o f  20 subsamples 
ta k e n  from randomly  d i s t r i b u t e d  p o i n t s  w i t h i n  each paddock .  A 
subsample cons is ted  o f  a l l  the  herbage in an area o f  approx im ate ly  
0.5 m square cu t  a t  2 cm from the  s o i l  sur face.  Great care was used 
t o  preven t s o i l  contaminat ion and s tee l  sheep shears were used t o  
p reven t  any t rac e  element con tam ina t ion  from the c u t t i n g  t o o l .
Samples were analysed f o r  t o t a l  Cu (sec t ion  3 .4) t o  determine the  
amount o f  Cu a v a i la b le  t o  the  sheep.
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5 .3 .8  Son Sampling and Analysis
The b e h a v io u r  o f  t h e  Cu f e r t i l i s e r  in  t h e  s o i l  was m o n i to re d  by 
o b ta in in g  s o i l  samples a t  0-10 cm depth from each paddock a t  y e a r l y  
i n t e r v a l s  a f t e r  a p p l i c a t i o n  o f  the  f e r t i l i s e r .  These samples were 
analysed f o r  t o t a l  Cu c o n c e n t ra t io n .
5 .3 .9  Post-Mortem
Ewes t h a t  died dur ing  the  t r i a l  were sent t o  the S co t t i sh  V e te r in a ry  
I n v e s t i g a t i o n s  U n i t  Laborato ry  a t  Auch incru ive ,  where a post-mortem 
was c a r r i e d  out t o  e s t a b l i s h  the  cause o f  death.  L i v e r  and k idney  
samples were taken from each dead animal and analysed f o r  t o t a l  Cu 
con c e n t ra t io n  t o  determine the Cu s ta tu s  o f  the animal;  samples were 
a lso  analysed f o r  Zn, Cd and Pb concen t ra to rs  t o  determine i f  t h e re  
was any poss ib le  t o x i c  accumulat ion o f  these metals,  which may have 
been caused by t h e i r  presence in the  Cu f e r t i l i s e r .
5 .4  LAMB RESPONSE TRIAL, EXPERIMENTAL METHODS
The t r i a l  was conducted on the  same s i t e  as descr ibed in 5 .3 .1 .
5 .4 .1  U ltrasonic Scanning o f Pregnant Ewes
In March o f  each year u l t r a s o n i c  scanning o f  the 60 ewes was c a r r i e d
ou t  t o  g ive  an i n d i c a t i o n  o f  the  number o f  lambs expected in the
s p r in g .
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5 .4 .2  Lambing
Lambing occurred 1n the A p r i l  and May o f  each year o f  the  t r i a l .  
A f t e r  b i r t h  each lamb was tagged f o r  I d e n t i f i c a t i o n  and c o r r e l a t i o n  
w i th  dam t rea tm en t .  The lambs were monitored by the farmer f o r  any 
s igns  o f  swayback and m o r t a l i t i e s  were c o l le c te d  f o r  post-mortem,
5 .4 .3  Treatments
A f t e r  lambing, in  1985 and 1987, a response t r i a l  s i m i l a r  t o  t h a t  
using the  ewes was conducted. H a l f  o f  the lambs in the un t rea ted  
paddock were dosed o r a l l y  w i th  1.4  g Cu needles in May, which is  th e  
recommended l e v e l  f o r  t h i s  fo rm  o f  t r e a t m e n t .  Thus t h e  t r i a l  
cons is ted  o f  th ree  t rea tment  groups:
Group A C o n t ro l ,  no t rea tm en t .  )
C   Born t o  ewes g raz ing
Group B Dosed w i th  1,4 g Cu needles.  ^  un trea ted pas tu re .
Group C Born to  ewes on Cu f e r t i l i s e r  t rea ted  pas ture ,
5 .4 .4  Blood Sampling and Analysis
Blood samples were taken from each lamb every fo u r  weeks from May 
through t o  September a t  which t im e  the  lambs were s o ld .  The blood was 
analysed f o r  plasma Cu and Mg, Hb and GSH-Px; s i x  samples chosen a t  
random f rom  each t r e a t m e n t  g roup  were ana lysed  f o r  whole b lo o d  Pb 
( 5 . 3 . 5 ) .
5 .4 .5  Livewelghts
On each blood sampling date the  lambs were weighed and the ra te  o f  
l i v e w e ig h t  gain c a lc u la te d .
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5 .4 .6  Post-Mortem
Any lambs t h a t  d ied ,  and which cou ld  be recovered, dur ing the  t r i a l  
were sent t o  the S c o t t i s h  Ve te r ina ry  I n v e s t ig a t io n s  Un i t  Labora to ry  a t  
A u c h in c r u i v e  where a pos t -m or tem  was c a r r i e d  o u t .  H i s t o l o g i c a l  
examinat ions were undertaken to  con f i rm  o r  otherwise suspected cases 
o f  swayback. L i v e r  and kidney samples were analysed as f o r  th e  ewes 
( 5 . 3 . 9 ) .
5 ,5  RESULTS
5 .5 .1  Ewe Response T r ia l ,  November 1985 to  September 1986
The mean ewe plasma Cu concen t ra t ions  f o r  each o f  the  fou r  t rea tm en t  
groups are given in Table 5.2 and presented g r a p h i c a l l y  in F igu re  5 .2 .  
A l l  f o u r  g r o u p s  o f  ewes had s i m i l a r  mean b l o o d  p la s m a  Cu 
conce n t ra t io ns  a t  the  s t a r t  o f  the  t r i a l  on 13 November 1985. On t h i s  
da te  45% o f  the  ewes had plasma Cu concen t ra t ions  below the d e f i c i e n c y  
th re sho ld  o f  9.4 jumol/1 and these animals were d i s t r i b u t e d  even ly  
th roughout  the f o u r  t rea tm en t  groups (Table 5 .3 ) .
The c o n t r o l  g roup dem ons t ra ted  t h e  normal d e c l i n e  in  plasma Cu 
concen t ra t ions  w i th  t ime over the  w in te r  ( sec t ion  2 . 3 . 4 ) .  Over h a l f  
o f  the  ewes in t h i s  group had plasma Cu concen t ra t ions  below th e  
d e f i c i e n c y  th resho ld  throughout  l a t e  pregnancy, lambing and e a r l y  
l a c t a t i o n  ( T a b le  5 . 3 ) .  T h e i r  p lasma Cu c o n c e n t r a t i o n s  then  rose  
g ra d u a l l y  a f t e r  lambing u n t i l  the  end o f  the  f i r s t  year  o f  the  t r i a l  
on 9 September 1986. However, s i x  ewes remained C u - d e f i c i e n t  
th roughout  t h i s  l a t t e r  pe r iod .
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The t rea tm en t  o f  ewes graz ing un t rea ted  pasture  w i th  5 g Cu needles on 
8  January 1986 gave an increase in t h e i r  plasma Cu concen t ra t ions  
w i t h in  4 weeks. This t rea tment  gave 10 t o  12 weeks p ro te c t io n  from 
th e  p o s s i b i l i t y  o f  Cu d e f i c ie n c y  over  the  c r i t i c a l  l a t e  pregnancy and 
lambing per iod when Cu is  in most demand by the  ewe and i t s  f oe tus .  
However, by the  end o f  the  t r i a l  pe r iod  on 9 September 1986 the  mean 
plasma Cu c oncen t ra t ion  was not s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  o f  
the  c o n t r o l  group.
W i th in  s i x  weeks o f  the ewes f i r s t  being al lowed t o  graze the  t rea ted  
sward t h e i r  plasma Cu conce n t ra t io ns  were s i g n i f i c a n t l y  (p<0.001) 
increased (Table 5 .2)  and by 8  January 1986 a l l  ewes in t h i s  paddock 
had c once n t ra t io ns  above the d e f i c i e n c y  th re s ho ld  (Table 5 .3 ) .  Mean 
plasma Cu conce n t ra t io ns  o f  the Cu f e r t i l i s e r  group were maintained 
above 15 y jm o l /1 t h r o u g h o u t  t h e  43 weeks o f  t h e  t r i a l  and were 
s i g n i f i c a n t l y  h igher  (p<0 . 0 0 1 ) than those o f  the  c o n t ro l  ewes and the 
Cu needles group. The maximum mean c once n t ra t io n  a t ta in e d  was 19,15 
j jmol /1  which was wel l  below the accepted t o x i c i t y  th resho ld  o f  30 
jumol/1 (Grace, 1983), Treatment o f  15 o f  the  ewes on the  Cu t re a te d  
pas tu re  w i th  5 g Cu needles had no f u r t h e r  e f f e c t s  on plasma Cu 
c o n c e n t ra t io n s  (F igu re  5 .2)  when compared t o  the  Cu f e r t i l i s e r  group.
There was no s i g n i f i c a n t  d i f f e re n c e s  in plasma Mg, Hb, whole blood 
GSH-Px o r  Pb conce n t ra t io ns  among the  fo u r  t rea tm en t  groups. Mean 
r e s u l t s  f o r  a l l  60 ewes on each sampl ing date are t h e r e fo re  given in  
Table 5 .4 .  These parameters were a l l  we l l  w i t h i n  the  normal ranges 
(Appendix 2 ) .  S i m i l a r l y  the  p e r io d ic  ana lys is  o f  blood f o r  both Co as 
v i ta m in  6 ^ 2  and plasma Ca showed no s i g n i f i c a n t  d i f f e re n c e s  between 
the  groups and a l l  r e s u l t s  were w i t h in  the normal ranges (Appendix 2 ) .
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Therefore t r i a l  means only are given in Table 5 ,5 .
Table 5 .4
Mean ewe plasma Ma, Hb, whole blood, GSH-Px and Pb 
concentrations, November 1985 to  September 1986
Date Plasma Mg (mg/100 ml)
Hb
(g/100 ml
GSH-Px Pb 
) (U /m l) (jL»g/ml
13/11/85 2.13 12,44 93.83 -
08/01/86 2 . 0 2 13.46 104.11 -
19/02/86 1.99 1 2 . 2 1 85.00 0.07
25/03/86 - 10.92 77,06 0.07
15/05/86 1.90 8.23 142.06 0.07
12/06/86 1.78 10.53 95.60 0.08
08/07/86 2 . 0 1 11.44 61.65 0.07
06/08/86 2 . 0 0 12.39 70.88 0.08
09/09/86 1.95 12,40 45.66 -
S.E.D. 0.16 0.43 1 2 . 1 0 -
Table 5 .5
Mean ewe, vitam in ^ 2 and plasma Ca concentrations
Date Vitamin 8 ^ 2 ( r tg / 1 ) Plasma Ca (mg/100 ml )
8 / 1 / 8 6 1894
15/5/86 9.74
5 . 5 . 2  Lamb Response T r ia l May to  August 1986
U l t r a s o n ic  scanning o f  the pregnant ewes in d ic a te d  t h a t  45 lambs were 
expected from th e  ewes in the  un t reated paddock and 47 from those in
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th e  C u -trea ted  paddock. However, bad weather. In c lu d in g  d r i f t i n g  snow 
and very low tem pera tures, resu lted  in the  lo ss  o f  many lambs due to  
hypothermia and s ta r v a t io n .  Of the  49 lambs which surv ived the  bad 
weather, 23 came from the untrea ted  paddock and 26 from the Cu-trea ted  
paddock. Such losses were a common fe a tu re  on farms in Scotland in 
1986.
The bad weather a lso  hindered the  f in d in g  and c o l le c t io n  o f  dead lambs 
f o r  post-mortem. However, two dead lambs were ob ta ined from the Cu- 
t re a te d  paddock. R esu lts  o f  post-mortem showed one to  be s t i l l b o r n  
and t h a t  the  o th e r  d ied o f  s ta rv a t io n .  A n a lys is  o f  l i v e r  revealed Cu, 
Zn and Pb c o n c e n tra t io n s  o f  118, 86 and 0 .9  mg/kg re s p e c t iv e ly  in one 
lamb and 136, 78 and 1.1 mg/kg in the  o th e r ,  a l l  o f  which were w i th in  
th e  normal range o f  c o n c e n t r a t io n s  found in  lam bs . No cases o f  
swayback were found in 1986,
H a l f  the  lambs born t o  ewes from the  un trea ted  paddock were dosed w ith
1 .4  g Cu needles on 15 May 1986. Blood samples were obtained on 15 
May, 11 June , 8 J u l y  and 6 August and th e  mean lamb plasma Cu 
c o n c e n tra t io n s  f o r  each o f  the th re e  groups on these dates are given 
in Table 5 .6  and shown g ra p h ic a l ly  in  F igu re  5 .3 .  Soon a f t e r  b i r t h  
lambs born to  Cu f e r t i l i s e r  ewes had s i g n i f i c a n t l y  h igher (p<0.001) 
mean plasma Cu co n ce n tra t io n s  (14.4 ^m o l/1 )  than those born to  ewes
in th e  un trea ted  paddock (10.1 / im o l/1 )  whether o r  no t the  ewe was 
t re a te d  w ith  Cu needles. Table 5.6 shows t h a t  th e re  were 4, 5 and 1 
C u -d e f ic ie n t  lambs in  the c o n t r o l ,  Cu needle and Cu f e r t i l i s e r  groups, 
re s p e c t iv e ly ,  on 15 May. By 11 June o n ly  the  c o n t ro l  group had Cu- 
d e f i c i e n t  lambs, t rea tm en t o f  h a l f  the  lambs in th e  untrea ted  paddock 
w i th  Cu needles having e f f e c t i v e l y  increased plasma Cu conce n tra t io ns
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t o  a par w ith  those o f  lambs on C u-trea ted  pasture  and these le v e ls  
were maintained u n t i l  the  end o f  the  t r i a l  per iod  (F igu re  5 .3 ) ,  The 
plasma Cu c o n c e n tra t io n  o f  the c o n t ro l  lambs d id  r is e  g ra d u a l ly  over 
th e  summer but was s t i l l  s i g n i f i c a n t l y  lower (p<0.001) than those o f  
th e  Cu needles o r  Cu f e r t i l i s e r  lambs by the  end o f  th e  t r i a l .
As in  th e  ewe response  t r i a l  ( 5 . 5 . 1 )  t h e r e  were no s i g n i f i c a n t  
d i f fe re n c e s  in plasma Mg, Hb, whole blood GSH-Px o r  Pb co nce n tra t io ns  
amongst the  th re e  lamb trea tm en t groups and so mean values on ly  f o r  
each sampling date are given in Table 5 ,7 .  A l l  the  re s u l ts  were 
w i t h in  a c c e p ta b le  l i m i t s  (A ppe nd ix  2 ) .  S i m i l a r l y  t h e r e  were no 
s ig n i f i c a n t  d i f fe re n c e s  in l iv e w e lg h ts  among the  trea tm en t groups and 
mean values o n ly  are g iven in Table 5 .7 .
5 ,5 .3  Ewe Response T r ia l ,  October 1986 to  September 1987
The t r i a l  was continued f o r  a second year in o rde r t o  determine the  
re s id u a l e f f e c t  o f  th e  Cu f e r t i l i s e r  t rea tm en t a f t e r  one year. The 
lo ss  o f  s ix  ewes in  the  f i r s t  year o f  the t r i a l ,  due to  death from 
n a tu ra l causes and the  severe bad weather in  the  s p r in g ,  to g e th e r  w ith  
the  removal o f  c a s t  ewes (o ld e r  breeding ewes which are so ld from h i l l  
t o  lowland farms where they are used to  produce fu r t h e r  crops o f  
lambs) meant t h a t  the  response t r i a l  was l e f t  w i th  20 ewes in the  
t re a te d  paddock and 21 in the un trea ted  paddock. The re fo re  on the  20 
October 1986 th e  numbers in each group were res to red  to  30 by the  
in t ro d u c t io n  o f  un trea ted  h i l l  ewes.
The f i r s t  y e a rs  r e s u l t s  ( 5 . 5 . 1 )  showed t h a t  d o s in g  ewes w i th  Cu 
needles in the  C u -trea ted  paddock had no s ig n i f i c a n t  e f f e c t  on blood 
Cu s ta tu s  over and above th a t  from the  Cu f e r t i l i s e r .  There fore  t h i s
130
M
LO
<Dr—
n
tn
I
I
ü  ^
£S
I I
iî
 ^ §■O <J»
r- >> ja (0
n
f  s
| l
ë
O)
y—s
p ro 
I  w
ë
S b
oo CN
CN
o
oo LD m o»-H CN m
Lf) CO CO LOE CO CO CD CD
o O O O
CL O)
& O O O O
P— crc o rH o
E
oc r- 00
= 3 cr* 00 co
i
00 O CN 00 CDo czc 00 CN 0- CNo
pH CN rH ro ro O
w
r-H 1—! r-H rH
O vj- r~ "N- TT CD
O #—1 f—4 rH O
iH
CN CN CN CN O
I
IO
CO CD CD co
00 00 00 oo
*N. \ oLO CO O- oo
O O O o LU\ \ \ \
LO rH co co to1—I r-H o o
131
t re a tm e n t was no t repeated In the  second year. Consequently on 3 
March 1987 o n ly  15 ewes 1n the  un trea ted  paddock were dosed w ith  5 g 
Ou needles. The mean plasma Cu c o n ce n tra t io n s  f o r  the  re s u l t in g  th re e  
t re a tm e n t  groups are g iven in Table 5 .8  and presented g ra p h ic a l ly  in 
F ig u re  5 .4 .  The plasma Cu co n ce n tra t io n  o f  c o n t ro l  ewes fo llow ed  a 
s im i l a r  p a t te rn  t o  t h a t  demonstrated in the  f i r s t  year o f  the  t r i a l  
(F ig u re  5 .2 ) .  The ewes in the  un trea ted  paddock bu t dosed w ith  5 g Cu 
n e e d le s  showed th e  c h a r a c t e r i s t i c  in c re a s e  in  t h e i r  plasma Cu 
c o n c e n t r a t io n  as seen in  y e a r  one ( F ig u r e  5 . 2 ) .  However, t h i s  
t re a tm e n t was g iven in the March o f  1987 as opposed to  the  January o f  
1986. Th is  l a t e r  t im in g  o f  the t rea tm en t gave f u l l  p ro te c t io n  o f  th e  
ewes from Cu d e f ic ie n c y  over the  la te  pregnancy, lambing period and 
a lso  c a r r ie d  over in to  the summer u n t i l  a t im e  when the ewes cou ld  
o b ta in  s u f f i c i e n t  Cu from  th e  he rbage . Thus th e  p r o t e c t i o n  was 
ex tended  from  12 weeks in  1986 t o  20 weeks in  1987 due t o  th e  
in f lu e n c e  o f  e x t ra  Cu from the herbage.
The replacement o f  10 ewes in the  Cu f e r t i l i s e r  group w ith  new ewes 
from th e  h i l l  where ewes are g e n e ra l ly  o f  low Cu s ta tu s  resu lted  in  a 
low er ing  o f  the  mean plasma Cu c o n ce n tra t io n  from 18 jumol/1 on 9 
September 1986 to  13 jumol/1 on 20 October 1986. F igure  5 .4  shows 
t h a t  d e s p ite  the  in t ro d u c t io n  o f  these new ewes the  mean plasma Cu 
c o n c e n tra t io n  o f  the  Cu f e r t i l i s e r  group was s ig n i f i c a n t l y  h ighe r  
(pcO.OOl) than the  c o n t ro l  ewes, whose mean was una ffec ted  by th e  
in t r o d u c t io n  o f  new ewes, f o r  the  whole o f  th e  second year o f  the  
t r i a l .  The mean plasma Cu c o n ce n tra t io n  o f  the  Cu f e r t i l i s e r  ewes was 
comparable t o  t h a t  obta ined by an o ra l dosing w ith  5 g Cu needles.
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When the  new ewes are compared w ith  the  o r ig in a l  ewes in the Cu 
f e r t i l i s e r  group, th e  plasma Cu c o n ce n tra t io n  o f  the  l a t t e r  are h igher 
th roughout the  whole o f  the  year (Table 5 .9 ) ,  The mean plasma Cu 
c o n ce n tra t io n  o f  the  o r ig i n a l  ewes was above the  d e f ic ie n c y  th re sho ld  
a t  every date w h i l s t  t h a t  o f  the  ewes in troduced on 20 October 1986 
f e l l  below t h i s  le v e l  on two dates (27 January and 3 March 1987). 
D esp ite  f a l l i n g  below the  d e f ic ie n c y  th re sh o ld  the  new ewes in the Cu- 
t re a te d  paddock m ainta ined plasma Cu conce n tra t io ns  we ll above those 
o f  the  new c o n t ro l  ewes. Thus the  s in g le  Cu f e r t i l i s e r  a p p l ic a t io n  in 
November 1985 has m ain ta ined s ig n i f i c a n t l y  h igher (p<0,001) plasma Cu 
co n ce n tra t io n s  in  the  Cu f e r t i l i s e r  ewes, than those o f  the  c o n t ro l  
ewes, f o r  a second success ive year.
Tab le 5 .9
Mean ewe plasma Cu c o n c e n tra t io n s  o f  o r ig in a l  ewes and those 
in troduced  in  October 1986 t o  th e  C u -trea ted  paddock
Date O r ig in a l  ewes (n=21) Ewes in troduced  ' 
(n=9)
20/10/86 13.9 12.43
02/12/86 14.2 11.10
27/01/87 10.84 8,57
03/03/87 10,94 8.56
31/03/87 16.14 9.93
12/05/87 14.35 9,85
16/06/87 15.05 10.26
14/07/87 15.50 13.0
04/08/87 15.80 12.80
15/09/87 15.32 12.72
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The r e s u l ts f o r  plasma Mg, Hb, whole blood GSH-Px and Pb a n a ly s is
revealed no s ig n i f i c a n t  d i f fe re n c e s  between the  groups and a t r i a l
mean f o r  each sampling date is  g iven in Table 5 .10 . The m a jo r i ty  o f
r e s u l t s  are w i th in  the  normal ranges found in ovine blood (Appendix
2 ) ,
Table 5.10
Mean ewe plasma Mg 
concentrations.
, Hb whole blood, GSH-Px and Pb 
October 1986 to  September 1987
Date Plasma Mg 
(mg/100  ml)
Hb
(g/100  ml)
GSH-Px
(U/ml)
Pb 
(^g/ml )
20/10/86 1.90 10,66 31.15 0,08
02/12/86 1.88 10.74 65.97 0.09
27/01/87 2.20 12.94 75,14 0,07
03/03/87 2.15 11.60 116.49 0.11
31/03/87 2.09 10.80 96.89 0,09
12/05/87 2.03 10.51 101.59 0,13
16/06/87 2.13 9.27 85.37 0.12
14/07/87 2,10 8,63 65.20 0.07
04/08/87 2.05 11.52 20,10 0.08
15/09/87 1,92 13.08 30,46 0,09
S.E.D, 0.21 0.57 8,34
During the  second year o f  the  t r i a l  7 ewes d ie d ,  m ain ly a t  lambing 
t im e ,  4 from the  C u -trea ted  paddock and 3 from the  un trea ted  paddock. 
Post-mortem exam ination revealed t h a t  a l l  the  ewes died o f  n a tu ra l 
causes. However a n a ly s is  o f  the  l i v e r  and k idney from each ewe showed 
la rg e  d i f fe re n c e s  in th e  Cu conce n tra t io ns  (Table 5 ,11) o f  ewes from
136
uta U)
ta ta
<35 "
CN CN
ü CO o
LO
CN
in
CN
in
1
T3
Cta M
oo
V) OL z
0  rH
S c o
Oî
■o
0  ü 2>■0 0 3.Qi  >LrH o t tf)
rH L. % *1—
4- 0 U)
lO >1
ü) 4-
0) 4J o <a
r - c
J3 3  0 ta
0  üh- 0  C 0
U 0 3
■O (/)0 T * to
• r -  ü
0  C 
>%'r-
■p
c
<0 0 ID
C Æ 
(ü +J
0  -q 
3  C
U) ta
£
S'cT3 *r“
I
£
N
O
O
a
u
LO
CN
LO
r-
LO
r H
CN
LO
CO
ro
LO
co
as
asr~-
o
(N
LO
O
CO
CN
LO
OO
ro
co
OL
o
o
LO 
1— i
o
LO
LO
r~
CN0"
LON-
O
(N
O
O
OL
LO
rH
o
M
N-
N"N"
CN
LO
CNO
CD
jQ
U
CL
CL
<
O
ro VfII IIc X c X
■a 0 X 00 p 0 P■P rO P rota u 0 u (0 ta ü 0 oCO 0 o
l_ o 0 O S_ o
L. •o P X ■9 i_ X P Xg -P XI 1 X s p X 1 X
% C (0 3 fO c ro 3 roLU 3 CL O CL _u ZD CL O CL
137
th e  two paddocks. Ewes 1n the  Cu t re a te d  paddock had a much h igher 
mean Cu conce n tra t io n  in t h e i r  l i v e r  (184.3 mg/kg) than those in the  
un trea ted  paddock (11 .9  mg/kg) two o f  which had co n c e n tra t io n s  below 
th e  d e f ic ie n c y  th re sh o ld  o f  10 mg/kg. Thus grazing C u -trea ted  pasture  
increased the amount o f  Cu s to red  in the  l i v e r  as w e ll as in c rea s ing  
plasma Cu co n c e n tra t io n s .  However, the  l i v e r  Cu co n c e n tra t io n s  found 
in  the  C u - f e r t i l i s e r  ewes were s t i l l  w i th in  the normal range (Appendix 
2) and th e re fo re  w e ll below th e  accepted t o x i c i t y  th re s h o ld  o f  1000 
mg/kg (Grace, 1983).
Z in c ,  Pb and Cd co n c e n tra t io n s  in  both l i v e r  and k idney (Table 5 .11) 
were a l l  w i th in  the  normal ranges found in sheep (Appendix 2) and were 
a lso  well below t o x ic  c o n c e n tra t io n s  (Underwood, 1977).
5 ,5 .4  Lamb Response T r i a l  May 1987 t o  August 1987
U lt ra s o n ic  scanning o f  the ewes suggested th a t  53 lambs were expected 
from the ewes in the  un trea ted  paddock and 50 from ewes in the  Cu- 
t re a te d  paddock. Of the  26 lambs th a t  died dur ing lambing, 15 were 
ob ta ined fo r  post-mortem, 7 from th e  untreated paddock and 8 from the  
t re a te d  paddock. The remainder were found to  be to o  decomposed o r  
damaged by p reda to rs  to  enable a post-mortem exam ination . Th is  l e f t  a 
t o t a l  o f  77 lambs fo r  the  response t r i a l ,  41 in the  un trea ted  paddock 
and 36 in the C u -trea ted  paddock.
P os t-m ortem  e x a m in a t io n  c o n f i rm e d  t h a t  th e r e  were two cases o f  
" c o n g e n i ta l"  swayback in lambs born to  c o n tro l  ewes. There were a lso  
two unconfirmed cases o f  swayback and one confirmed case o f  delayed 
sw ayback  in  t h e  u n t r e a t e d  p a d d o c k .  Two c o n f i r m e d  c a s e s  o f  
" c o n g e n i ta l"  swayback lambs were a lso  born to  ewes on the  C u -trea ted
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pas tu re ; these lambs were born to  ewes In troduced to  the  t r i a l  on the  
20 O c to b e r  1986 wh ich were th e m s e lv e s ,  a t  la m b in g  t im e ,  on th e  
b o rd e r l in e  o f  Cu d e f ic ie n c y ,  w ith  plasma Cu co n c e n tra t io n s  below 10 
^ m o l /1 .  There were no swayback lambs from ewes which had been in the  
C u - t r e a te d  paddock from  th e  s t a r t  o f  th e  t r i a l  in  1985. I t  is  
po s s ib le  t h a t  th e re  were fu r th e r  cases o f  swayback in the unrecovered 
lambs; swayback lambs are weak and th e re fo re  l i k e l y  to  d ie  e a r ly  in 
l i f e .
A n a lys is  o f  l i v e r  and k idney from the dead lambs showed th a t  lambs 
born to  ewes in  the  C u-trea ted  paddock had a much h igher l i v e r  Cu 
c o n c e n tra t io n  than those from c o n t ro l  ewes, 103 mg/kg compared w ith  45 
mg/kg' r e s p e c t iv e ly  (Table 5 .1 1 ) .  The re s u l t s  o f  t is s u e  ana lys is  f o r  
Zn, Pb and Cd showed no d i f fe re n c e s  between the  t re a tm e n t groups.
On 12 May 1987 h a l f  the lambs born to  ewes in the  untrea ted  paddock 
were dosed w ith  1.4 g Cu needles. Blood samples were taken on 12 May, 
16 June, 14 J L ly  and 4 August and the  mean plasma Cu conce n tra t io ns  
f o r  each o f  the  th re e  t rea tm en t groups on each o f  these days are given 
in  Tab le 5.12 and presented g ra p h ic a l ly  in F igu re  5 .5 .  Lambs born to  
Cu f e r t i l i s e r  ewes had s ig n i f i c a n t l y  h igher (p<0.001) mean plasma Cu 
c o n c e n tra t io n s  (12.98 ^m o l/1 )  than those born t o  c o n t ro l  ewes (9.92 
^ m o l / 1 ) .  Tab le 5.12 a lso shows th a t  the c o n t r o l ,  Cu needles and Cu 
f e r t i l i s e r  groups conta ined 11, 10 and 6 lambs, re s p e c t iv e ly ,  w ith  
plasma Cu c o n c e n tra t io n s  below the  d e f ic ie n c y  th re s h o ld  on 12 May. 
Of th e  s ix  C u -d e f ic ie n t  lambs in the  Cu f e r t i l i s e r  group, fo u r  o f  them 
were from ewes in troduced to  the  t r i a l  on the  20 October 1986 (5 .5 .3 )  
and th e  o t h e r  two lambs were b o r d e r l i n e  cases  w i th  plasma Cu 
c o n c e n t r a t io n s  g r e a t e r  than  9 .0  ^ m o l /1  b u t  be low  th e  d e f i c i e n c y
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th re s h o ld  o f  9 .4  jum o l/1 . Only 16% o f  th e  lambs in the  C u-trea ted  
paddock had plasma Cu c o n c e n tra t io n s  below th e  d e f ic ie n c y  th re sh o ld  
compared w ith  51% o f  th e  lambs in the  un trea ted  paddock on 12 May.
F igu re  5.5 shows t h a t  the  blood plasma Cu c o n c e n tra t io n  o f  the  c o n t ro l  
lambs s lo w ly  increased over the  summer w ith  the  number o f  Cu-def1c1ent 
lambs d e c l in in g  from 11 on the 12 May to  1 on the  4 August (Table 
5 . 1 2 ) .  The lambs 1n th e  C u - t r e a te d  paddock m a in ta in e d  plasma Cu 
c o n c e n t r a t io n s  s i g n i f i c a n t l y  h ig h e r  (p < 0 .0 0 1 )  th a n  th o s e  o f  th e  
c o n t ro l  lambs fo r  the  d u ra t io n  o f  the  t r i a l .  Lambs in the un trea ted  
paddock b u t  dosed w i th  1 .4  g Cu nee d le s  had t h e i r  plasma Cu 
c o n ce n tra t io n  boosted, w i th in  5 weeks, to  equal t h a t  achieved by lambs 
In the  C u -trea ted  paddock. These c o n ce n tra t io n s  were maintained u n t i l  
th e  end o f  the  t r i a l  on the  4 August. The t r i a l  was concluded a t t h i s  
date as the lambs were so ld  on the  10 August.
A lthough th e re  were d i f fe re n c e s  in mean l iv e w e ig h ts ,  the  Cu needles 
group was heav ie r  than the  c o n t ro l  group which in tu rn  was heav ie r 
than the  Cu f e r t i l i s e r  group, the ra te  o f  d a i l y  l iv e w e ig h ts  gain f o r  
a l l  3 groups was s im i la r  and t h i s  de sp ite  the  f a c t  t h a t  the  lambs o f  
Cu f e r t i l i s e r  ewes were on average f o u r  days y o u n g e r .  Thus any 
d i f fe re n c e s  were no t s t a t i s t i c a l l y  s ig n i f i c a n t .  The mean values f o r  
a l l  the  lambs on each date  are g iven in Table 5 .13 .
As in the  prev ious  years lamb t r i a l  (5 .5 .2 )  and both years o f  the  ewe 
t r i a l  (5 .5 .1  and 5 ,5 ,3 )  th e re  were no s ig n i f i c a n t  d i f fe re n c e s  in any 
o th e r  blood parameters analysed, among the  th re e  trea tm en t groups, and 
so mean values f o r  a l l  th e  lambs on each sampling date are a lso  shown 
in  Table 5 .13 .
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5 .5 .5  Ewe Response T r ia l ,  October 1987 to  May 1988
The loss  o f  seven ewes in  the  second year o f  the  t r i a l ,  due to  death 
from na tu ra l causes, and the  removal o f  c a s t  ewes meant t h a t  the  
response t r i a l  was l e f t  w ith  18 ewes in the t re a te d  paddock and 21 in 
the  un trea ted  paddock. There fore  on 27 October 1987 the  numbers in 
each group were res to red  to  30 by the  in t ro d u c t io n  o f  untrea ted  h i l l  
ewes. On t h a t  date 15 o f  the  c o n t ro l  ewes were dosed w ith  5 g Cu 
needles and t h i s  was repeated on 7 March 1988 in accordance w ith  the  
farmers normal p ra c t is e  f o r  the  re s t  o f  h is  f lo c k .
The mean plasma Cu con ce n tra t io n s  fo r  the th re e  t rea tm en t groups on 
each o f  the f i v e  sampling dates are given in Table 5,14 and presented 
g ra p h ic a l ly  in F igu re  5 .6 .  The mean plasma Cu c once n tra t io n  o f  the  
c o n t ro l  ewes fo l low e d  the  same p a t te rn  o f  d e c l in e  over the  w in te r  and 
in to  la te  pregnancy as was shown in the f i r s t  2 years o f  the t r i a l  
(5 .5 .1  and 5 . 5 . 3 ) .  Treatment w ith  Cu needles gave an increase in 
p lasma Cu c o n c e n t r a t io n s  w i t h in  6 weeks and p r o t e c t i o n  from  Cu 
d e f ic ie n c y  fo r  th e  next 12 weeks a f t e r  which they  began to  d e c l in e .  A 
second trea tm en t w ith  Cu needles on 7 March gave p ro te c t io n  th roughout 
the  whole t r i a l  pe r iod  and gave plasma Cu co n ce n tra t io n s  s ig n i f i c a n t l y  
h ighe r  (p<0.001) than those o f  the  c o n tro l  group on each sampling 
da te .
The in t ro d u c t io n  o f  12 new ewes to  the  Cu f e r t i l i s e r  group reduced the  
mean plasma Cu co n c e n tra t io n  from 14.15 jum o l/ l on the  15 September to
11.8 jjmol/1 on th e  27 October. The plasma Cu co n c e n tra t io n  o f  the Cu 
f e r t i l i s e r  group can now be subdiv ided in to  3 groups, i . e .  those in 
the  t re a te d  paddock from November 1985, those in troduced in October
144
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1986, and those 1n October 1987. As th e  data in F igure  5.6 and Table 
5.15 demonstrate the plasma Cu co n c e n tra t io n s  o f  a l l  th re e  o f  these 
groups dec lined  over the  w in te r  and In to  la te  pregnancy. By th e  19 
January 1988, 14 ewes 1n t h i s  group were Cu d e f ic ie n t  w ith  plasma Cu 
c o n c e n tra t io n s  less  than 9 .4  jum o l/1 . These C u -d e f ic ie n t  ewes were 
e q u a l ly  spread between the  th re e  subgroups. However, the mean plasma 
Cu c o n c e n t r a t i o n s  o f  a l l  t h r e e  s u b g ro u p s  t o g e t h e r  was s t i l l  
s i g n i f i c a n t l y  h igher (p<0.05) than the  plasma Cu conce n tra t io n  o f  th e  
c o n t ro l  ewes.
Table 5.15
Mean plasma Cu concentrations o f ewes in the Cu-treated  
paddock fo r d if fe re n t  periods o f tim e (1987-88)
Date O rig inal
(n=14)
Introduced 1986 
(n= 4)
Introduced 1987 
(n=12)
27/10/87 11.96 11.25 9.75
08/12/87 10.04 10.56 8.90
19/01/88 8.90 9.21 8.02
07/03/88 9.41 8.19 6.40
24/05/88 10.86 11.31 9.56
By th e  7 March 1988, 13 o f  the  c o n t ro l  ewes were Cu d e f i c ie n t  w i th  8 
o f  them having plasma Cu co n ce n tra t io n s  below 5 jum o l/1 . A t these very 
low  Cu c o n c e n t r a t io n s ,  th e  r i s k  from  Cu d e f i c i e n c y  i s  h ig h  and 
swayback in  lambs can be a n t i c i p a t e d .  To p re v e n t  th e s e  exp e c te d  
losses a l l  15 o f  the  ewes were t re a te d  w ith  5 g Cu needles on t h a t  
da te  f o r  humanitarian reasons. Th is  a c t io n  prevented the  onset o f  Cu 
d e f ic ie n c y  in any lamb born to  t h a t  group in  A p r i l  1988. I t  a lso
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boosted the  mean plasma Cu conce n tra t io n  o f  th e  c o n t ro l  group so th a t  
I t  was not s i g n i f i c a n t l y  d i f f e r e n t  from th a t  o f  th e  Cu needles group 
o f  ewes which were a lso  t re a te d ,  f o r  a second t im e on t h a t  da te . 
There were no C u -d e f ic ie n t  lambs born to  t h i s  group e i t h e r .
The mean plasma Cu c o n ce n tra t io n  o f  th e  ewes in  th e  C u -trea ted  paddock 
was s t i l l  below the  d e f ic ie n c y  th re sho ld  on 7 March 1988 and so the  15 
ewes w ith  the  lowest Cu co nce n tra t io ns  were a lso  t re a te d  w ith  5 g Cu 
needles. Thus a f t e r  7 March the re  were no C u -d e f ic ie n t  ewes on the 
response t r i a l  and as a r e s u l t  th e re  were no lambs w ith  plasma Cu 
co n c e n tra t io n s  below the  d e f ic ie n c y  th re sho ld  in 1988.
The mean plasma Cu co n ce n tra t io n  o f  the  15 ewes not t re a te d  w ith  Cu 
needles was 10.3 jumol/1 on 7 March 1988. These ewes m ainta ined t h i s  
le v e l  th roughou t lambing and f in is h e d  the  t r i a l  w i th  a mean plasma Cu 
c o n c e n tra t io n  o f  10.5 jum o l/1 .
As in the  p rev ious  years no s ig n i f i c a n t  d i f fe re n c e s  in  plasma Mg, Hb, 
whole blood GSH-Px o r  Pb conce n tra t io ns  were found among the  trea tm en t 
groups and a l l  th e  r e s u l ts  were w i th in  the  normal ranges f o r  these 
p a ra m e te rs  in  ewes. T r i a l  mean v a lu e s  f o r  each o f  th e s e  b lood  
parameters on each sampling date are given in Table 5 .16 .
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Table 5.16
Mean ewe plasma Mg, 
concent ra tio n s .
Hb whole blood, GSH-Px and 
October 1987 to  May 1988
Pb
Date Plasma Mg Hb GSH-Px Pb
(mg/100 ml) (g /100 ml) (u /m l) (jjg/ml )
27/10/87 2.20 8.85 27.89 0.09
08/12/87 2.19 9.64 31.68 0.13
19/01/88 2.28 13.05 63.94 0,08
07/03/88 2.22 9.41 75.03 0.08
24/05/88 2.20 13.48 115.10 0.09
S.E.D. 0.18 0.49 10.21
5 .5 .6  So il and Herbage Analysis
The r e s u l t s  o f  s o i l  a n a ly s i s  (T a b le  5 .1 7 )  show t h a t  b ro a d c a s t  
a p p l ic a t io n  o f  the  Cu f e r t i l i s e r  increased the  t o t a l  Cu co n c e n tra t io n  
o f  th e  s o i l  when compared w ith  th e  s o i l  from untrea ted  pas tu re . The 
increase  from 22.4  mg/kg to  25.1 mg/kg in September 1986, 10 months 
a f t e r  th e  Cu f e r t i l i s e r  a p p l i c a t i o n ,  was m a in ta in e d  a t  th e  l a s t  
sampling on 29 September 1987.
Table 5.17
Tota l s o il Cu concentration in f ie ld  1986 and 1987
Treated
Untreated paddock
Cu t re a te d  paddock 
(370 kg/ha)
S oil Cu concentration (mg/kg) 
September 1986 September 1987
22.4  22.7
25.1 26.2
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C l im a t ic  c o n d it io n s  a t  Garmore to g e th e r  w ith  c o n t in u a l  g raz ing  produce 
poor herbage coverage o f  the f i e l d  over the  w in te r  months. There fore  
herbage samples cou ld  o n ly  be ob ta ined , over the  sp r ing  and summer 
w i th o u t  the r is k  o f  severe s o i l  con tam ina tion . The re s u l t s  o f  herbage 
Cu a n a ly s is  f o r  th e  summer o f  1986 are given in F igu re  5.7 and those 
f o r  1987 in F igu re  5 .8 .  On the  f i r s t  sampling da te , s ix  months a f t e r  
the  Cu f e r t i l i s e r  a p p l ic a t io n  the  Cu co n ce n tra t io n  o f  herbage from the  
t re a te d  paddock was over 100 mg/kg. This f e l l  g ra d u a l ly  over the  
summer and by September the  herbage Cu c o n ce n tra t io n  had le v e l le d  ou t 
a t  a c o n s is te n t  3-4 mg/kg h igher than the Cu c o n c e n tra t io n  o f  herbage 
from the  un trea ted  paddock fo r  the  re s t  o f  the  growing season. The 
re s u m p t io n  o f  herbage a n a ly s i s  in  1987 showed t h a t  a s i m i l a r  
d i f fe re n c e  was m ain ta ined f o r  a second year (F igu re  5 ,8 ) .
On the  25 June 1987 a d i f fe re n c e  in c o lo u r  was observed between the  
sward in the  C u -trea ted  paddock and the  un trea ted  paddock. The Cu 
f e r t i l i s e r  t re a te d  sward was a da rke r green c o lo u r .  Th is  obse rva tion  
was v e r i f i e d  by c h lo ro p h y l l  a n a ly s is ,  25.1 mg/1 c h lo ro p h y l l  was found 
In the  t re a te d  sward compared w ith  18.3 mg/1 in  the  un trea ted  sward. 
A n a ly s is  f o r  a w ide  range o f  p a ra m e te rs ,  t o  d e te rm in e  why t h i s  
occu rred , was c a r r ie d  ou t  (Table 5 .1 8 ) .  Apart from increased Cu and 
Zn co n ce n tra t io n s  th e re  were no d i f fe re n c e s  in the  herbage c o n te n t ,  
between un trea ted  and t re a te d  sward, f o r  any o th e r  parameter (Table 
5 .1 8 ) .  Th is  d i f fe re n c e  in  c o lo u r  was observed th roughou t the re s t  o f  
th e  t r i a l  u n t i l  i t  f in is h e d  in June 1988.
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Table 5.18
Herbage analysis results from 25/06/87
Analysis Untreated paddock Cu-treated paddock
C h lo ro p h y l l  (mg/1) 18.3 25.1
Cu (mg/kg) 8 .9  11.0
Zn (mg/kg) 51.1 58.9
S (g /k g ) *  3 .02 3.23
K (g /k g ) *  28.3 22.5
Mg (g /k g ) *  1.4 1.3
Mo (m /kg)* 0.3 0.3
Dry m atte r  (g /k g ) *  264 289
P ro te in  (g /k g ) *  168 169
P (g /k g ) *  4 .4 4.2
Organic m atte r (g /k g ) *  911 918
Cd (mg/kg) 0.01 0.01
Ni (mg/kg) 1.5 1.5
Cr (mg/kg) 0 .1  0.1
Pb (mg/kg) 1.3 1.1
*Analys1s c a r r ie d  ou t by S.A.C. A n a ly t ic a l  Serv ices U n i t ,
Auchincru iv e .
In  1988 one bu lk  herbage sample was taken from each paddock and the  Cu 
c o n c e n tra t io n  determ ined. Th is  showed t h a t  the  un trea ted  paddock had 
a herbage Cu co n ce n tra t io n  o f  5,43 mg/kg compared w ith  7.75 mg/kg in  
th e  t re a te d  paddock. Thus the  d i f fe re n c e  was maintained in to  a t h i r d  
yea r .
153
5 .6  DISCUSSION
The r e s u l t s  show th a t  Cu 1s the o n ly  measured blood parameter where 
c o n c e n tra t io n s  below the  recognised d e f ic ie n c y  th re s h o ld  (Grace, 1983) 
were found and f o r  which s ig n i f i c a n t  d i f fe re n c e s  were shown among the  
t re a tm e n t  groups. The re s u l ts  f o r  a l l  o th e r  analyses revealed very  
s im i l a r  means in a l l  the  trea tm en t groups over the  th re e  years f o r  
both ewes and lambs. The m a jo r i ty  o f  these r e s u l t s  were we ll w i th in  
the  normal ranges f o r  the  d i f f e r e n t  parameters. Thus i t  was pu re ly  a 
p o te n t ia l  Cu d e f ic ie n c y  problem in the  sheep t h a t  was in ve s t ig a te d  in  
t h i s  t r i a l .
5 .6 .1  Control Ewes
The c o n t ro l  ewes demonstrated a normal d e c l in e  (Wiener and F ie ld ,  
1974; Underwood, 1977) in plasma Cu co n c e n tra t io n s  w ith  t im e over th e  
w in te r .  Th is  would be due to  fo e ta l  Cu demands combined w ith  a low Cu 
in ta k e  over the  w in te r  and poor Cu s torage in the  l i v e r  due to  low 
herbage Cu a v a i l a b i l i t y  in the  summer. Plasma Cu conce n tra t io ns  d id  
r i s e  g ra d u a l ly  over the  summer months as Cu reserves were rep len ished . 
These r e s u l t s  show th a t  th e re  was a p o te n t ia l  Cu d e f ic ie n c y  problem on 
th e  farm w i th  the  p o s s i b i l i t y  o f  swayback lambs in severe cases. The 
low ewe plasma Cu conce n tra t io ns  were p a r a l le l le d  by low plasma Cu 
c o n c e n tra t io n s  in t h e i r  lambs in 1986 and 1987, w ith  the  two cases o f  
swayback lambs in the  l a t t e r  year born to  the  ewes w ith  the lowest 
plasma Cu le v e ls .  In  1988 the  plasma Cu c o n c e n tra t io n s  o f  severa l o f  
th e  c o n t ro l  ewes were so low (5 .5 .5 )  t h a t  the  b i r t h  o f  swayback lambs 
was a n t ic ip a te d .  As the  p o te n t ia l  Cu d e f ic ie n c y  problem had a lready  
been demonstrated to  be severe by blood a n a ly s is  a l l  15 ewes were
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t re a te d  w ith  Cu needles. T h is  a c t io n  prevented Cu d e f ic ie n c y  and low 
plasma Cu conce n tra t io ns  in  any lamb born to  t h i s  t rea tm en t group in 
the  f i n a l  year.
5 .6 .2  Cu Needle Treatment
Ewes graz ing  in the  un trea ted  paddock bu t dosed w ith  5 g Cu needles in 
l a t e  p regnancy in  1986 and 1987 showed an in c re a s e  in  p lasm a Cu 
co n ce n tra t io n s  w i th in  6 weeks which was s u f f i c i e n t  to  keep plasma Cu 
c o n c e n t r a t io n s  above th e  d e f i c i e n c y  t h r e s h o ld  f o r  12 t o  20 weeks 
re s p e c t iv e ly  over the  c r i t i c a l  l a t e  pregnancy and lambing pe r iod  when 
Cu is  in most demand by the  ewe and i t s  fo e tu s .  In the  f i n a l  year o f  
th e  t r i a l  Cu nee d le  t r e a tm e n t  in  e a r l y  and l a t e  p regnancy  gave 
complete p ro te c t io n  from Cu d e f ic ie n c y  th roughout the  t r i a l  p e r io d .  
In  a l l  th re e  years the  Cu needles prevented swayback and reduced the  
r i s k  o f  Cu d e f ic ie n c y  in  lambs born to  t h i s  group. The increased 
p la s m a  Cu c o n c e n t r a t i o n s  and t h e  l o n g e v i t y  o f  t h e  t r e a t m e n t  
demonstrated in  t h i s  t r i a l  are s im i la r  to  those reported  by o th e r  
workers ( E l l i s ,  1980; White!aw e t  a l ,  1983) and con f irm  t h a t  th e  Cu 
needles t rea tm en t is  an e f f e c t i v e  method o f  reducing the  r i s k  o f  Cu 
d e f i c i e n c y  in  sheep. I t  was t h e r e f o r e ,  a s u i t a b l e  c h o ic e  f o r  
comparison w ith  the  Cu f e r t i l i s e r  pasture  t rea tm en t f o r  p re ve n t in g  Cu 
d e f ic ie n c y .
5 .6 .3  Pasture Treatment w ith  the Cu F e r t i l is e r  
(a ) Year 1
The s in g le  a p p l ic a t io n  o f  th e  Cu f e r t i l i s e r  as a top  d ress in g  on 
25/11/85 ra ised the  mean plasma Cu con ce n tra t io n s  o f  the  ewes a llowed 
t o  graze the  t re a te d  sward w i th in  s ix  weeks and mainta ined i t  above
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th e  d e f i c i e n c y  th resho ld  o f  9 . ^ m o l / l  th roughout  the remainder o f  the  
f i r s t  year o f  the  t r i a l .  The plasma Cu c onc e n t ra t io ns  obtained were 
g e n e r a l l y  h igher  than those obta ined using Cu needles.  I t  is  u n l i k e l y  
t h a t  the  i n i t i a l  increase in plasma Cu c o nc e n t ra t io n  was a r e s u l t  o f
increased Cu concen t ra t ions  in the  herbage, as a t  t h a t  t ime o f  the
year th e re  was very  l i t t l e  herbage growth and so l i t t l e  o p p o r tu n i t y  
f o r  Cu uptake by the herbage in s u f f i c i e n t  amounts t o  cause the rap id  
5 yjmol/1 increase in ewe plasma Cu conce n t ra t io n s  obta ined.  Poor 
herbage growth in the  f i e l d  prevented sampl ing t o  determine herbage Cu 
c o n c e n t ra t io n  f o r  con f i rm a t ion  o f  t h i s  hypo thes is .  In a d d i t io n  the  
ewes had been g r a z in g  th e  p a s t u r e  f o r  7 t o  8  weeks b e f o r e  t h e
increased plasma Cu concen t ra t ions  were found by which t ime i t  was too
l a t e  t o  t r y  and determine actual  herbage Cu concen t ra t ions  a f t e r  the  
Cu f e r t i l i s e r  a p p l i c a t i o n  in o rde r  t o  e s t a b l i s h  the reason f o r  the 
inc rease .  Th is  p o in t ,  however was noted f o r  i n v e s t i g a t i o n  in f u r t h e r  
exper iments .
When unwashed herbage samples cou ld  e v e n tu a l l y  be obtained in May 
1986, t h e y  had Cu c o n c e n t r a t i o n s  o f  o v e r  100 mg/kg . As t h i s  
c o n c e n t ra t io n  was over  1 0  t imes t h a t  found using a s i m i l a r  a p p l i c a t i o n  
r a t e  in  t h e  Garmore herbage t r i a l  (C h a p te r  6 ) and was above t h e  
p h y to to x ic  th re s h o ld  o f  30 mg/kg (Dav ies,  1980) i t  was improbable t h a t  
t h e  100 mg Cu /kg  found was o b t a i n e d  t h r o u g h  p l a n t  u p ta k e .  T h i s  
s u g g e s ts  t h a t  Cu f e r t i l i s e r  was a d h e r in g  t o  o r  c o n t a m in a t i n g  t h e  
herbage th roughou t  the f i r s t  s i x  months o f  the  t r i a l .  This per iod o f  
con tam ina t ion  was longer than t h a t  found in  the  l e a f  adherence t r i a l  
(Chapter 9) and im p l ies  t h a t  the  extended per iod  o f  dec l in e  in herbage 
Cu c o n c e n t ra t io n s  may be due t o  the  t ra m p l in g  ac t ion  o f  the sheep
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c o n t i n u a l l y  s o i l i n g  the herbage w i th  the Cu f e r t i l i s e r  which Is mixed 
I n to  the t o p s o l l .  Thus I t  Is  very  probable t h a t  some o f  the Cu 
f e r t i l i s e r  was in g e s te d  by t h e  sheep. Healy e t  a i (1974)  have 
p roposed t h a t  g r a z i n g  sheep can I n v o l u n t a r i l y  I n g e s t  up t o  300 g 
s o H / k g  herbage D .M . I ,  when herbage cover i s  poor over  the  w in te r  
months. Thus I t  was a lso l i k e l y  t h a t  Cu f e r t i l i s e r  was Ingested along 
w i th  s o i l  dur ing  the  w i n t e r .  I t  i s  th e re fo re  suggested t h a t  the  
I n i t i a l  Increase In ewe plasma Cu concen t ra t ions  was as a r e s u l t  o f  Cu 
f e r t i l i s e r  Inges t ion  by the  sheep. I f  t h i s  was the case then herbage 
Cu concen t ra t ions  (F igu re  5 .7 )  Imply t h a t  Cu f e r t i l i s e r  Inges t ion  
would have cont inued through t o  a t  l e a s t  Ju ly  1986. I t  Is  proposed 
t h a t  the  e f f e c t s  demonstrated In year  one, i . e .  the  rap id  Increase and 
maintenance o f  plasma Cu c o n c e n t ra t io n s ,  are almost e n t i r e l y  due t o  
Inges t ion  o f  the Cu f e r t i l i s e r .  The ewes also probably  bene f i ted  from 
graz ing  herbage o f  h igher  Cu c o nce n t ra t io n  over the summer months.
The t rea tment  o f  15 ewes In the  Cu f e r t i l i s e r  paddock w i th  5 g Cu 
needles produced no a d d i t i o n a l  Increase In plasma Cu c once n t ra t io ns  
compared t o  t h a t  obta ined by g raz ing  the t rea ted  paddock alone (F igure
5.2  and Table 5 . 2 ) .  However, sheep have a homeostat ic mechanism f o r  
m a in ta in in g  t h e i r  plasma Cu c once n t ra t io ns  w i th in  a range o f  9 .4  t o
18.9 ^m o l /1 ,  w i th  excess Cu being s tored In the  l i v e r  (Grace, 1983). 
As Cu t r e a t m e n t  o f  p a s t u r e  was s u f f i c i e n t  t o  I n c r e a s e  plasma Cu 
conce n t ra t io ns  t o  the  top o f  t h i s  range the ex t ra  Cu from the  Cu 
needles was probably  d i v e r te d  t o  the  l i v e r  f o r  s to rage .  Th is  cou ld  
no t  be conf i rmed because l i v e r  sampl ing requ i res  surgery ,  which is  
r a r e l y  undertaken in the  U.K. e s p e c ia l l y  under f i e l d  c o n d i t i o n s  and 
was no t  p r a c t i c a l  In t h i s  t r i a l ,  o r  the  death o f  an animal whereupon
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l i v e r  Cu assay can be made. Thus no l i v e r  samples were taken t o  
c o n f i r m  t h e  a b o v e .  T h e r e f o r e ,  i t  i s  n o t  i m p o s s i b l e  t h a t  Cu 
c o n c e n t r a t i o n s  In t h e  l i v e r  o f  bo th  g roups  o f  ewes In t h e  Cu 
f e r t i l i s e r  paddock cou ld  have approached t o x i c  l e v e l s ,  e s p e c ia l l y  
s ince  c oncen t ra t ions  o f  Cu In the l i v e r  can r i s e  t o  le v e ls  which might  
be expected to  be t o x i c  w i thou t  the animals appear ing t o  be adverse ly  
a f f e c te d  ( E l l i s ,  1980). Therefore  I t  was decided not t o  adm in is te r  
any Cu needles t o  ewes In the Cu f e r t i l i s e r  paddock in subsequent 
years .
(b) Year 2
By the  end o f  the f i r s t  year the Cu t re a te d  herbage was ma in ta in ing  a 
2 t o  4  mg Cu/kg advantage over the  unt reated herbage. The Increase 
was s i m i l a r  t o  t h a t  found In the ungrazed herbage t r i a l  a t  the same 
s i t e  us ing an I d e n t i c a l  Cu f e r t i l i s e r  a p p l i c a t i o n  ra te  (370 kg/ha) 
where th e re  was no con taminat ion o f  the  herbage due t o  the s o i l i n g  
a c t io n  o f  g raz ing  sheep. This  im p l ies  t h a t  the re  was no contaminat ion 
o f  th e  herbage In the Cu f e r t i l i s e r  paddock w i th  Cu f e r t i l i s e r  a t  the  
s t a r t  o f  the  second year .
The ewes which had been In the Cu f e r t i l i s e r  paddock from November 
1985 m a in ta in e d  plasma Cu c o n c e n t r a t i o n s  above t h e  d e f i c i e n c y  
th re s h o ld  and s i g n i f i c a n t l y  g re a te r  than those o f  the  c o n t ro l  group 
f o r  t h e  w h o le  o f  t h e  second  y e a r .  A l t h o u g h  t h e  p lasm a  Cu 
c o n c e n t ra t io n s  o f  the  9 ewes In troduced t o  the  Cu f e r t i l i s e r  paddock 
In October 1986 did d e c l in e  to  a low o f  8.56 jvi mol/1 over the w in te r ,  
th e  Increase In herbage Cu concen t ra t ions  was s u f f i c i e n t  t o  prevent  
them d e c l i n in g  as f a r  as they did In the  c o n t r o l  ewes, which f e l l  t o  
5.81 j jm o l / 1 .  However, the  new ewes were introduced in October when
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herbage coverage  was a ga in  poor  and was n o t  enough t o  s u p p ly  
s u f f i c i e n t  Cu t o  prevent t h e i r  mean plasma Cu concen t ra t ions  dropping 
below the  d e f i c ie n c y  th resho ld  on 27 January and 3 March 1987. The 
Increase In plasma Cu c once n t ra t io ns  o f  the  new ewes t o  above the  
d e f i c i e n c y  th resho ld  on 31 March 1987 and subsequent maintenance over  
lambing and the re s t  o f  the  summer may have been due t o  the Increased 
herbage growth In the sp r ing  and consequent Increased Cu In take .  The 
p o s s i b i l i t y  o f  Cu f e r t i l i s e r  I n g e s t i o n  a long  w i t h  s o i l  o v e r  t h e  
w in t e r ,  however, cannot be ru led out  as i t  i s  s t i l l  p resent In the 
s u r face  la y e r  o f  the s o i l  even In year 2  and most probably helped 
p reven t  the dec l ine  In plasma Cu concen t ra t ions  o f  the  new ewes and 
c o n t r ib u te d  to  t h e i r  subsequent Increase,
The plasma Cu concen t ra t ion  o f  the  o r i g i n a l  ewes In the Cu f e r t i l i s e r  
paddock was always above t h a t  o f  the  new ewes and the d e f i c i e n c y  
t h re s h o ld .  In a d d i t i o n ,  t i s s u e  ana lys is  from dead ewes In the  second 
year  o f  the  t r i a l  showed t h a t  the  ewes In the Cu f e r t i l i s e r  paddock 
had a much h igher  Cu c once n t ra t io n  In t h e i r  l i v e r  than those In the  
u n t r e a t e d  paddock. Thus g r a z i n g  t h e  Cu f e r t i l i s e r  paddock a l s o  
Increased the  amount o f  Cu In the  l i v e r  and suggests t h a t  Cu in ta k e ,  
p robab ly  In the form o f  Cu f e r t i l i s e r .  In year 1 was In excess o f  
blood requirements and homeostat ic mechanisms d iv e r te d  I t  t o  the  l i v e r  
f o r  s t o r a g e .  Even on a v e r y  C u - d e f i c 1 e n t  d i e t ,  l i v e r  Cu 
c once n t ra t io ns  o f  over 1 0 0  mg/kg, as found by t i s s u e  a n a ly s i s ,  should 
m a in ta in  Cu s u f f i c i e n c y  In the  whole animal f o r  over 100 days (S .A .C . ,
1982),  a per iod which was exceeded In t h i s  t r i a l .  Thus the l i v e r  Cu 
s t o r e s  accumula ted  In t im e s  when Cu i n t a k e  was h i g h ,  shou ld  have 
helped t o  mainta in  plasma Cu concen t ra t ions  s i g n i f i c a n t l y  h igher  than
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those o f  the  c o n t ro l  ewes 1n the  second year o f  the t r i a l  once the  Cu 
In take  from herbage dec l ined In the w in te r .  The presence o f  Increased 
herbage Cu concen t ra t ions  and the  p o s s i b i l i t y  o f  f u r t h e r  Cu f e r t i l i s e r  
Inges t ion  along w i th  s o i l  should extend the lo n g e v i ty  o f  the  l i v e r  Cu 
s t o r e s .
O v e r a l l  t h e  r e s u l t s  dem ons t ra ted  t h a t  t h e  s i n g l e  Cu f e r t i l i s e r  
a p p l i c a t i o n  maintained a s i g n i f i c a n t l y  h igher  plasma Cu s ta tu s  in ewes 
g raz ing  the  t re a te d  paddock than t h a t  o f  comparable ewes g raz ing  the  
un t rea ted  paddock f o r  a second successive year.  The maintenance o f  
plasma Cu c once n t ra t io ns  In both the  new and o r i g i n a l  Cu f e r t i l i s e r  
ewes above those o f  the  c o n t ro l  group suggests t h a t  the  Cu f e r t i l i s e r  
has a res idua l  value o f  a t  l e a s t  two years.  However, t h i s  Is  not a 
f e r t i l i s e r  res idua l  value In the  convent iona l  sense In which th e  term 
I s  used .  In t h a t  here  I t s  e f f e c t s  a re  as a r e s u l t  o f  c o n t i n u e d  
in ges t ion  o f  the  Cu f e r t i l i s e r  combined w i th  res idua l  Cu In the l i v e r  
r a th e r  than through a long l a s t i n g  e f f e c t  on the  herbage through the 
s o i l .
(c ) Year 3
In  the  t h i r d  year  a f t e r  a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r  the  ewes in 
t h e  Cu f e r t i l i s e r  paddock,  a l t h o u g h  s t i l l  m a i n t a i n i n g  plasma Cu 
c onc e n t ra t io ns  h igher  than those o f  the  c o n t ro l  group dropped below 
th e  d e f i c i e n c y  th re s h o ld .  The Cu-def1c1ent ewes were spread even ly  
among t h e  t h r e e  s ub -g roup s  now g r a z i n g  t h i s  paddock and I t  I s  
t h e r e fo r e  assumed t h a t  any Cu s to res  accumulated over the f i r s t  year  
had now been depleted and t h a t  Inges t ion  o f  the Cu f e r t i l i s e r  had 
now stopped. Al though th e re  was s t i l l  a 2 mg Cu/kg advantage In 
herbage conce n t ra t io ns  on Cu f e r t i l i s e r  t re a te d  land t h i s  was not
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s u f f i c i e n t  t o  preven t plasma Cu concen t ra t ions  dropp ing below the 
d e f i c ie n c y  th re s h o ld .  By l a t e  pregnancy some o f  the  ewes were wel l  
below the d e f i c i e n c y  th re sho ld  and Cu needles t rea tm en t  was requ i red  
t o  remove the r i s k  o f  swayback In t h e i r  lambs.
As the  plasma Cu c o nce n t ra t io n  o f  the Cu f e r t i l i s e r  ewes was s t i l l  
h ighe r  than the c o n t ro l  ewes, the  Cu f e r t i l i s e r  was s t i l l  showing a 
res idua l  e f f e c t  In the  animal probably  through I t s  e f f e c t s  on both the  
herbage and the f u r t h e r  p o s s i b i l i t y  o f  Inges t ion  along w i th  s o i l .  
However t h i s  was not enough t o  meet the needs o f  the  pregnant ewe. 
The re s u l t s  Imply t h a t  a f t e r  l i v e r  Cu s tores are dep le ted and when the 
p o s s i b i l i t y  o f  I n g e s t i o n  o f  l a r g e  amounts o f  Cu f e r t i l i s e r  has 
d e c rea sed ,  then  t h e  In c re a s e d  herbage Cu c o n c e n t r a t i o n s  a re  n o t  
s u f f i c i e n t  t o  meet the Cu requirements o f  the g raz ing  sheep.
Thus 1 t  appears  t h a t  t h e  s i n g l e  Cu f e r t i l i s e r  a p p l i c a t i o n  o n l y  
e f f e c t i v e l y  reduced the  r i s k  o f  Cu d e f i c ie n c y  In sheep f o r  two years;  
In the  t h i r d  year ,  a l though th e re  was a res idua l  e f f e c t  In the herbage 
I t  was no t  s u f f i c i e n t  t o  be o f  s i g n i f i c a n t  v a lu e  t o  t h e  g r a z i n g  
an imal.  Indeed, the r e s u l t s  o f  o the r  workers do suggest t h a t  the 
smal l Increase In herbage Cu concen t ra t ions  o f  the  le v e ls  demonstrated 
here are u n l i k e l y  t o  b e n e f i t  the  graz ing animal (R e l th ,  1975). Th is  
f u r t h e r  conf i rms the  in ges t ion  e f f e c t  proposed above,
5 .6 .4  Lamb T r ia ls
In  the f i r s t  year o f  the  t r i a l  lambs o f  ewes graz ing the  Cu f e r t i l i s e r  
paddock were born w i th  plasma Cu concen t ra t ions  s i g n i f i c a n t l y  h igher  
than those found in the  un t rea ted  paddock. Treatment w i th  1.4 g Cu 
needles was requ ired t o  b r in g  the  mean plasma Cu c o nc e n t ra t io n  o f  the
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c o n t r o l  group up t o  t h a t  found on the  t re a te d  pas tu re .  No cases o f  
swayback were found 1n the f i r s t  year o f  the t r i a l .  However, as 
swayback lambs are weak they are the  ones most l i k e l y  t o  succumb In 
bad weather and so i t  cannot be guaranteed t h a t  none o f  the  many 
c a s u a l t i e s  had swayback, no r  t h a t  any o f  t h e  t r e a t m e n t s  t e s t e d  
prevented i t s  occurrence.
The p a t te rn  o f  plasma Cu c o nce n t ra t io n  re s u l t s  were repeated in the  
second year  when, however,  swayback lambs were found in  bo th  t h e  
c o n t r o l  and Cu f e r t i l i s e r  paddocks. The two cases o f  swayback In th e  
Cu f e r t i l i s e r  paddock were from ewes newly Introduced to  the t r i a l ,  
b o th  o f  wh ich had plasma Cu c o n c e n t r a t i o n s  be low t h e  d e f i c i e n c y  
th re s h o ld  a t  lambing. Thus the  res idu a l  value o f  the  Cu f e r t i l i s e r  In 
the  herbage was not s u f f i c i e n t  t o  preven t the  b i r t h  o f  Cu-def1c1ent  
lambs except when the ewes had had t ime t o  accumulate l i v e r  Cu s to re s .
A l t h o u g h  t h e r e  were  s i g n i f i c a n t  d i f f e r e n c e s  in  p la s m a  Cu 
c onc e n t ra t io n s  among the d i f f e r e n t  t rea tm en t  groups, none o f  the  lambs 
were s u f f i c i e n t l y  Cu-de f ic1en t  t o  make i t  a growth l i m i t i n g  n u t r i e n t .  
Thus no l l v e w e l g h t  d i f f e r e n c e s  would be a n t i c i p a t e d  nor  were any 
o b ta in e d .
5 .6 .5  Herbage
Herbage a n a l y s i s  has shown t h a t  a p p l i c a t i o n  o f  t h e  Cu f e r t i l i s e r  
re s u l te d  In a 2 to  4 mg/kg Increase in Cu c once n t ra t io ns  which agrees 
w i th  the  Increases obtained f o r  the  370 kg/ha Cu f e r t i l i s e r  t rea tm en t  
demonstrated In the herbage t r i a l  (Chapter 6 ) In which the re  was no 
con tam inat ion  o f  the herbage. Thus the  Cu f e r t i l i s e r  has produced an 
increase in herbage Cu uptake and c onc e n t ra t io ns .
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The d i f f e re n c e  In herbage c o lo u r  obtained In 1987 Is  u n l i k e l y  t o  be as 
a r e s u l t  o f  Increased Cu o r  Zn concen t ra t ions  In the  t r e a te d  herbage 
as these elements are on ly  l i k e l y  t o  In f luence  c h lo ro p h y l l  p roduct ion  
I f  the grass was a c t u a l l y  f o rm e r ly  Cu or  Zn-def1c1ent (Buss le r ,  1981) 
which I t  was not as th e re  were no y i e l d  response t o  the  app l ied  Cu and 
Zn (C hap te r  6 ) .  Thus t h i s  a p p l i c a t i o n  shou ld  n o t  have Inc re a s e d  
c h lo ro p h y l l  p rodu c t ion .  There were no d i f f e re n c e s  between un t reated 
and t rea ted  herbage In the  concen t ra t ion  o f  any o th e r  element measured 
(Table 5.8) thus  they  should not have a f fec ted  c h lo ro p h y l l  p roduc t ion  
In t h e  one paddock o n l y .  As t h e r e  was no t  s u f f i c i e n t  t im e  t o  
In v e s t ig a te  t h i s  e f f e c t  f u r t h e r  the  cause o f  I t  remains unknown.
5 .6 .6  Conclusion
This  t r i a l  has shown t h a t  a s in g le  a p p l i c a t io n  o f  the  Cu f e r t i l i s e r  
(370 kg/ha) was success fu l  In both r a i s i n g  and m a in ta in in g  plasma Cu 
c o n c e n t r a t i o n s  above t h e  d e f i c i e n c y  t h r e s h o l d  In ewes t h r o u g h o u t
pregnancy, lambing and weaning and in  t h e i r  lambs. The once on ly
a p p l i c a t io n  was e f f e c t i v e  f o r  two years.  In ewes which had grazed the 
land  t h r o u g h o u t  t h a t  t i m e ,  and r e s u l t s  were com pa rab le  t o  t h o s e  
obtained using an annual o ra l  a d m in is t ra t i o n  o f  Cu needles.  In  t h i s  
respect ,  t h e r e fo r e ,  the  Cu f e r t i l i s e r  has been more successfu l  In 
te rm s  o f  l o n g e v i t y  th a n  o t h e r  s o i l  t r e a t m e n t s  such as CuSO^ In 
p rov id ing  a source o f  Cu t o  prevent  Cu d e f i c i e n c y  In sheep (R e l th ,
1983 ) .  However, c l o s e r  e x a m in a t io n  o f  t h e  r e s u l t s  I m p l i e s  t h a t ,  
a l t h o u g h  t h e  Cu f e r t i l i s e r  d id  produce In c re a s e s  In herbage Cu 
concen t ra t ions  comparable t o  those found In both th e  ungrazed herbage 
t r i a l  (Chapter 6 ) and from copper su lphate  t rea tm en t  (Evans 1983;
R e l t h ,  1983) ,  I t  was more s u c c e s s f u l  than  o t h e r  t r e a t m e n t s  o n l y
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because I t  was probably  Ingested by the  graz ing ewe, v ia  both l e a f  
adherence and along w i th  s o i l ,  an e f f e c t  which is  u n l i k e l y  w i th  water 
s o lu b le  CuSO^. Thus i t  i s  u n l i k e l y  t h a t  the Cu f e r t i l i s e r  would have 
been as e f f e c t i v e  In the  second year  o f  the t r i a l  I f  a l l  the  ewes were 
newly In troduced.
I t  Is suggested t h a t  the  I n i t i a l  Increase o f  plasma Cu conce n t ra t io ns  
was due to  d i r e c t  Inges t ion  o f  the  Cu f e r t i l i s e r  both from coated 
herbage and from t h a t  mixed w i th  sur face s o i l ,  w h i l s t  the  sward was 
poor.  At  t h i s  t im e excess Cu from f e r t i l i s e r  inges t ion  was s tored In 
the  l i v e r ,  and t h i s  t o g e th e r  w i th  the  Increased Cu supply f rom the  
herbage and a d d i t i o n a l  but  more l i m i t e d  inges t ion ,  probably  maintained 
plasma Cu concen t ra t ions  over  the  second w in te r  o f  the t r i a l .  L i v e r  
Cu s to res  are on ly  l i k e l y  t o  l a s t  over  one season; t h e r e fo re  In the 
t h i r d  year o f  the  t r i a l  when the  Increased herbage Cu conce n t ra t io n  as 
a r e s u l t  o f  Cu f e r t i l i s e r  a p p l i c a t i o n  alone was l e f t  t o  f u l l y  s us ta in  
the  animal,  the r e s u l t s  show t h a t  t h i s  ex t ra  supply o f  Cu was not 
s u f f i c i e n t  t o  main ta in  plasma Cu concen t ra t ions  above the d e f i c i e n c y  
t h r e s h o l d .
Al though the mean plasma Cu c o nce n t ra t io n  o f  the Cu f e r t i l i s e r  ewes 
d id  f a l l  below the  d e f i c i e n c y  th re s h o ld  In the t h i r d  year I t  was s t i l l  
h ighe r  than t h a t  o f  the  c o n t ro l  ewes. Th is  was probably due t o  the  
Increased herbage Cu co n c e n t ra t io n  and the p o s s i b i l i t y  o f  some f u r t h e r  
Cu f e r t i l i s e r  Inges t ion  along w i th  s o i l .  Thus the Cu f e r t i l i s e r  Is  
s t i l l  showing a r e s i d u a l  v a l u e  and such an e f f e c t  has n o t  been 
achieved w i th  any o th e r  herbage Cu t rea tm en t .  However, a l though the 
Cu f e r t i l i s e r  has demonstrated t h a t  I t  Is b e t t e r  than any prev ious 
s o i l  o r  pasture t rea tm en t  f o r  th e  p reven t ion  o f  Cu d e f i c i e n c y  In sheep
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1 t  i s  f e l t  t h a t  1 t  Is s t i l l  not  good enough e s p e c ia l l y  when compared
to  methods f o r  the  d i r e c t  t rea tment  o f  i n d iv id u a l  an imals .
5.7  SUWARY
5 .7 .1  A p p l i c a t i o n  o f  t h e  Cu f e r t i l i s e r  t o  t h e  sward s u c c e s s f u l l y  
r a i s e d  and m a in t a i n e d  plasma Cu c o n c e n t r a t i o n s  above t h e  
d e f i c i e n c y  th re s h o ld  In graz ing ewes and t h e i r  lambs throughout  
the f i r s t  two years o f  the  t r i a l .
5 .7 .2  The s in g le  a p p l i c a t i o n  o f  the Cu f e r t i l i s e r  gave comparable 
p r o t e c t i o n  f rom  Cu d e f i c i e n c y  t o  t h a t  o b t a i n e d  u s in g  o r a l  
d o s in g  o f  sheep w i t h  Cu need les  wh ich  had t o  be repea ted  
annua l ly  over  a two year pe r iod .
5 .7 .3  A f t e r  s u r f a c e  adherence o f  t h e  Cu f e r t i l i s e r  t o  t h e  g rass  
ceased, the  t r e a te d  herbage maintained a 2-4 mg Cu/kg D.M. 
advantage th roughou t  the t r i a l  per iod ( f rom November 1985 t o  
June 1988) over  the  unt reated pasture .
5 .7 .4  In the  t h i r d  year a f t e r  a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r  ewes 
graz ing  t r e a te d  pasture ,  al though s t i l l  m a in ta in in g  plasma Cu 
c o n c e n t r a t i o n s  h i g h e r  than  th o s e  o f  t h e  c o n t r o l  g roup ,  had 
dropped below the  d e f i c ie n c y  th re s ho ld .  I t  t h e r e fo r e  appears 
t h a t  the  e f f e c t s  o f  the  Cu f e r t i l i s e r  o n ly  la s ted  f o r  two years 
in t h i s  t r i a l .
5 .7 .5  I t  1s proposed  t h a t  t h e  I n i t i a l  I n c re a s e  In ewe plasma Cu 
c o n c e n t r a t i o n s  was due t o  d i r e c t  I n g e s t i o n  o f  t h e  Cu 
f e r t i l i s e r ,  and t h a t  subsequen t  m a in ten ance  was due t o  a
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combination o f  Increased Cu supply from the  herbage t o g e th e r  
w i th  storage o f  Cu In the U v e r  from t imes when the  Cu in take  
was high and f u r t h e r  Cu f e r t i l i s e r  Inges t ion  over the  w in te r s .
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CHAPTER 6 . HERBAGE FIELD TRIAL, 6ARM0RE FARM
6 .1  INTRODUCTION
Although var ious  Cu compounds have been used e f f e c t i v e l y  t o  c o r r e c t  Cu 
d e f i c ie n c y  in p la n ts  ( s e c t io n  2 . 4 . 1 ) ,  increased Cu conce n t ra t io n  In 
herbage when they  are app l ied  to  pasture Is not always o f  s i g n i f i c a n t  
b e n e f i t  t o  the  g raz ing  animal (Re l th ,  1975; Evans, 1983). The most 
f r e q u e n t l y  used method o f  c o r re c t i n g  Cu d e f i c i e n c y  In p la n ts  Is  t o  
apply copper su lphate  to  the  s o i l .  This 1s a so lub le  form o f  Cu and 
g ives  an Immediate Increase In the p la n t  a v a i la b le  Cu conce n t ra t io n  o f  
the  s o i l  which i s  enough t o  overcome p la n t  d e f i c i e n c y .  However, the 
added Cu^^  i o n s  a r e  t h e n  r a p i d l y  I m m o b i l i s e d  and made p l a n t  
unava i lab le  In the  s o i l  ( G a r t r e l l ,  1980), The res idua l  e f fe c t i v e n e s s  
o f  t h i s  CUSO4  a p p l i c a t i o n  i s  h igh  under  a r a b l e  c o n d i t i o n s  where 
c u l t i v a t i o n  In f o l l o w in g  years improves the mix ing o f  the  Cu w i th in  
the  roo t ing  zone and a l lows  general  desorp t ion o f  Cu^^ ions t o  p rov ide  
an Increased Cu supply  c a p a c i t y  (R e i th ,  1975; G a r t r e l l ,  1980),  Th is  
mix ing does not occur  under c o n d i t io n s  o f  permanent pas ture and so the 
res idua l  e f fe c t i v e n e s s  o f  CuSO^ a p p l i c a t io n  Is  lowered. To overcome 
t h i s  problem o th e r  less  so lu b le  compounds such as Cu meta l ,  Cu oxides 
and Cu slags which d i s s o lv e  more s low ly  t o  release Cu^^ Ions over  a 
longer  t ime per iod  have been t r i e d  on pasture ( F o l l e t  e t  a l ,  1981). 
By the  use o f  these m a te r i a l s .  Increases o f  2-4 mg/kg In the  Cu 
concen t ra t ion  o f  pas ture  have been maintained f o r  2  t o  4 years (Evans, 
1983; Jos t ,  1960).
The t r i a l  below was I n i t i a t e d  both t o  eva luate  the  e f fe c t i v e n e s s  o f  
the  Cu f e r t i l i s e r  f o r  Inc reas ing  herbage Cu l e v e l s ,  and t o  monitor  the
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movement and behaviour  o f  the app l ied  Cu In the s o i l  under c o n d i t io n s  
away f rom t h e  an imal where s o i l  c o n t a m in a t i o n  was m in im i s e d .  In  
a d d i t i o n  herbage Zn, Fe, Pb, Cd, Mn, Cr and N1 conce n t ra t io ns  were
monitored to  ensure t h a t  t h e i r  presence in the  f e r t i l i s e r  d id  not
r e s u l t  In elevated herbage concen t ra t ions  to  the p o s s ib le  de t r im en t  o f  
g raz ing  l i v e s t o c k .
The an imal response t r i a l  a t  Garmore farm was i n i t i a t e d  t o  t e s t  
the  e f fe c t i v e n e s s  o f  app ly ing  the  Cu f e r t i l i s e r  t o  grazed sward f o r  
the  prevent ion o f  Cu d e f i c i e n c y  In sheep. However, the  a p p l i c a t i o n  
ra te  used. I . e .  370 kg/ha was se lec ted ,  on ly  as I t  gave a comparable 
amount o f  Cu, 7,5  kg /ha ,  t o  t h a t  app l ied In o th e r  t rea tm en ts  (R e l th ,  
1983; Evans, 1983). Whether the  d i f f e r e n t  forms o f  Cu would ac t  In
the  same way In the s o i l  o r  I f  the  Cu f e r t i l i s e r  would have a slow
r e le a s e  e f f e c t  were unknown. T h e r e f o r e  I t  was f e l t  t h a t  a more 
d e t a i l e d  s tu d y  c o v e r i n g  a range o f  a p p l i c a t i o n  r a t e s ,  and t h e i r  
e f f e c t s  on the Cu s ta tu s  o f  s o i l  and herbage was m er i ted .
6 .2  AIMS AM) OBJECTIVES
The o b je c t i v e  o f  t h i s  t r i a l  was t o  Inves t iga te  the  long term (3 years) 
e f f e c t  o f  a s in g le  Cu f e r t i l i s e r  a p p l i c a t io n  a t  d i f f e r e n t  ra tes  a t  two 
s o i l  pH le v e ls  on the  y i e l d  and Cu concen t ra t ion  o f  herbage in an 
es tab l ished  sward. In a d d i t i o n  the movement o f  the  app l ied  Cu In the  
s o i l  was monitored.
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6 .3  EXPERIMENTAL
6 ,3 .1  S ite  D escrip tion
An area o f  30 x 30 m o f  un i fo rm  es tab l ished  sward was fenced o f f  in 
t he  cent re  o f  the  animal response t r i a l  s i t e  a t  Garmore (F igure  5 . 1 ) .  
So i l  and sward c o n d i t io n s  were t h e r e fo re  the  same as in the animal 
response t r i a l .  W i th in  t h i s  area t h i r t y  two 3 m by 2 m p l o t s  were 
measured out  (F igu re  6 , 1 ) .
Pr io r ,  to  Cu f e r t i l i s e r  o r  l ime a p p l i c a t io n  s o i l  samples a t  0-10 cm 
depth r ep res en ta t iv e  o f  each p l o t  were taken ( s e c t io n  3 .2 .1 )  t o  assess 
t h e  u n i f o r m i t y  o f  p l a n t  a v a i l a b l e  Cu In t h e  p l o t s  and a l s o  t o  
determine the  amount o f  l ime requ i red  t o  ob ta in  the  des ired s o i l  pH 
l e v e l s .  The samples were ana lysed  f o r  E . D . T . A .  e x t r a c t a b l e  Cu 
( s e c t i o n  3 . 2 . 8 ) ,  s o i l  pH ( s e c t i o n  3 . 2 . 5 )  and l im e  r e q u i r e m e n ts  
(s ec t ion  3 . 2 . 5 ) .  The r e s u l t s  o f  the  ana lys is  are given in Table 6 .1 .  
They show the p l o t s  t o  be on m a rg in a l l y  Cu-def1c1ent s o i l  ( M . I .S .R . ,  
1985) and t h a t  t h e r e  were no s i g n i f i c a n t  d i f f e r e n c e s  In e i t h e r  
e x t ra c ta b le  Cu c once n t ra t io ns  or  pH between p l o t s .  There fo re  the s i t e  
was accep tab ly un i fo rm f o r  use in t h i s  t r i a l .
Table 6 .1
S oil analysis re s u lts , November 1985
Range o f re s u lts Mean S.E.
E.D.T.A, e x t r a c ta b le  Cu (mg/kg) 3 .21-4.27 3.82 0.36
So i l  pH 4.95-5 .2 5.1 0.10
Lime requirement ( t / h a ) 4.8
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Figure 6 .1  
Arrangement o f herbage t r i a l  p lo ts
30 m
The cor responding t rea tm en t  f o r  each in d iv i d u a l  p l o t  Is  given 
o v e r le a f :
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6 .3 .2  Treatments
Four ra tes  o f  Cu f e r t i l i s e r  a p p l i c a t io n  were se lec ted  f o r  s tudy in 
t h i s  t r i a l  :
( i )  0 kg/ha,  the  c o n t r o l  t rea tm en t .
(11) 185 kg/ha,  h a l f  th e  ra te  used in the animal response t r i a l ,
(111) 370 kg/ha,  the  r a te  used in the animal response t r i a l .
(1v) 740 kg/ha,  double the  ra te  used in the animal response t r i a l .
These ra tes  represent  0,  3 .7 ,  7.5 and 15.0 kg Cu/ha r e s p e c t i v e l y .
To determine whether pH has an e f f e c t  on the a v a i l a b i l i t y  o f  Cu in Cu
f e r t i l i s e r  supplemented s o i l ,  the s o i l  was l imed to  increase the  pH to  
t h a t  recommended by M . I .S .R .  and S.A.C. (1985) f o r  optimum grass land 
p rodu c t ion .  Thus each a p p l i c a t i o n  ra te  was app l ied  a t  the  f o l l o w in g  
pH va lues.
(1) pH 5.3 the inhe ren t  pH o f  the s i t e .
( i i )  pH 5.8 the  pH f o r  grassland on mineral  s o i l ,  recommended by 
M . I .S .R .  and S.A.C. (1985).
Each o f  t h e  e i g h t  t r e a t m e n t s  were r e p l i c a t e d  f o u r  t im e s  in  a 
randomised block design o f  32 p lo t s  (Figure 6 . 1 ) .
6 .3 .3  F e r t i l is e r  and Lime Application
The Cu f e r t i l i s e r  was broadcast  on to  the p lo t s  on 20 December 1985. 
Wooden boards were erected around each p l o t  p r i o r  t o  a p p l i c a t i o n  t o  
b l o c k  o u t  wind and p r e v e n t  any d r i f t i n g  o f  t h e  f e r t i l i s e r .  The 
c o r r e c t  amount o f  Cu f e r t i l i s e r  f o r  each p l o t  was placed in a 500 ml 
p l a s t i c  b o t t l e ,  the  l i d  o f  which contained e ig h t  5 mm holes,  A good
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even spread o f  t h e  f e r t i l i s e r  was o b t a i n e d  by shak ing  t h e  b o t t l e  
approx im ate ly  3 f t  from the  ground.
The p l o t s  were l imed w i th  CaCO^ on 18 February 1986. The l ime was 
app l ied  by hand.
A compound f e r t i l i s e r  (17% N, 17% P^Og, 17% K2 O) a t  a ra te  o f  185 kg. 
N/ha was app l ied  t o  each p l o t  in A p r i l  o f  1986, 1987 and 1989 in 
accordance w i th  normal management p r a c t i c e  f o r  the f i e l d .  A f u r t h e r  
185 kg N/ha was app l ied  t o  each p l o t  a f t e r  the  f i r s t  cu t  o f  each year .
6 .3 .4  Herbage Harvesting
Two cu ts  per year were taken in 1986 and 1987 but  on ly  one in 1988, on 
the  f o l l o w in g  dates;
8 J u ly  1986;
3 September 1986;
24 June 1987;
26 August, 1987;
30 June 1988.
Slow growth due t o  the c o ld ,  wet c l im a te  o f  the  area prevented any 
f u r t h e r  cu ts  being obtained in the f i r s t  2 years .
P r i o r  t o  ha rves t ing  each p l o t  a subsample o f  herbage was taken from 
i t s  cen t re  using s tee l  sheep shears. Herbage was cu t  approx imate ly  
3 cm from the  s o i l  sur face t o  prevent t r a c e  element contaminat ion from 
s o i l .  Th is  sample was weighed and re ta ined  f o r  dry mat ter and t ra c e  
elements a n a ly s i s .
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The remaining herbage on the p l o t  was cu t  using an autosythe (Agr ia  
450).  The herbage was c o l l e c te d  and weighed. The f resh  weight y ie ld  
o f  herbage f o r  each p l o t  was then determined by adding the weight 
o f  the subsample t o  t h a t  o f  the  c u t  herbage. The c u t  herbage was then 
d iscarded.  In  1988 the  p l o t s  were on ly  subsampled f o r  ana ly s is  and 
no t o t a l  y i e l d  was measured.
6 .3 .5  Herbage Analysis
A dry  matter  y i e l d  f o r  each p l o t  was determined f i r s t  ( s ec t ion  3 . 3 . 2 ) .  
The subsamples obta ined in 1986 and 1987 were then analysed f o r  t o t a l  
Cu, Zn, Fe, Pb, Cd, Cr and Ni (sec t ion  3 . 3 . 4 ) .  E ig h t  samples from 
each  c u t  w e re  a l s o  a n a l y s e d  f o r  Mo ( s e c t i o n  3 . 3 . 5 )  and S 
c o n c e n t r a t i o n s  ( s e c t i o n  3 . 3 . 6 )  so t h a t  t h e  amount o f  Cu in  t h e  
herbage, which might  be a v a i l a b le  t o  the animal cou ld  be determined 
(sec t ion  2 . 3 . 6 ) .  In 1988 samples were analysed f o r  t o t a l  Cu o n ly .
6 .3 .6  Soil Sampling and Analysis
Two years a f t e r  the  Cu f e r t i l i s e r  had been app l ied re p re s e n ta t i v e  bulk 
s o i l  samples ( s e c t i o n  3 . 2 . 1 )  f rom 0-5 cm and 5 -10  cm dep th  were 
o b ta i n e d  from each p l o t .  The samples were a n a ly s e d  f o r  E .D .T .A .  
e x t ra c ta b le  Cu ( s e c t io n  3 ,2 .8 )  and t o t a l  s o i l  Cu ( s e c t io n  3 . 2 . 9 ) .
6 .4  RESULTS AH) DISCUSSION
6 .4 .1  Y ie ld
The a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r  a t  rates up t o  7 40 kg/ha had no 
s i g n i f i c a n t  e f f e c t  on herbage y ie ld s  in any c u t  in 1986 o r  1987, 
There fore  mean herbage y ie ld s  f o r  a l l  t rea tments  are given in Table
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6 .2 .  Al though growing on m a rg in a l l y  C u - d e f i d e n t  s o i l ,  the herbage 
was no t  found t o  be C u - d e f I d e n t ,  le ss  than 4 mg Cu/kg ( M . I .S .R . ,  
1985),  a t  any t im e (Tables 6 .3 ,  6 .4 ,  6 . 5 ) .  Consequent ly Cu was not  a 
ra te  l i m i t i n g  element in the growth o f  t h i s  herbage and so y i e l d  
d i f f e r e n c e s  would not be expected.
Table 6 .2  
Mean herbage y ie lds
Fresh irt (kg) Dry m atter (g /kg) Dry m atter y ie ld  (kg)
Cut 1 1986 12.95 163 2.0
Cut 2 1986 7.2  174 1.2
Cut 11987 14.1 175 2.5
Cut 2 1987 13.1 173 2.3
S.E.D. -  -  0.42
Table 6 .3
Mean herbage Cu concentration 1986 (mg/kg)
Cut S o il pH
1 5.3
5.8
2 5.3
5 .8
Cu f e r t i l i s e r  appHcaton ra te  (kg/ha)
0 185 370 740
8.70 9.03 9.77 9.89
9.00 9.34 9.93 10.09
7.65 8.14 9.55 9.92
7.36 8.27 8.85 9.55
!.E,D. = 0,46
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Table 6 .4
Mean herbage Cu concentrations 1987 (mg/kg)
Cu f e r t i l i s e r  ap p lica tio n  ra te  (kg/ha)
Cut So il pH
0 185 370 740
1 5.3 6.70 8.02 8.73 9.71
5.8 6.88 7.62 8.46 9.47
2 5.3 7.70 8,89 9.32 10.95
5.8 7.89 8.65 9.47 10.41
S.E.D. = 0.35
Table 6 .5
Mean herbage Cu concentrations 1988 (mg/kg)
Cu f e r t i l i s e r  ap p lica tio n  ra te  (kg/ha)
Cut So il pH
0 185 370 740
1 5.3 5.95 6.09 6.62 9.41
5 .8 5.25 5.63 6.70 8.90
S.E.D. = 0.55
6 .4 ,2  Cu Concentration o f  Herbage
The herbage Cu c onc e n t ra t io ns  f o r  each t rea tm en t  In years 1986, 1987 
and 1988 a re  g i v e n  in  Ta b le s  6 . 3 ,  6 . 4 ,  6 . 5 ,  r e s p e c t i v e l y ,  and 
summarised g r a p h i c a l l y  in Figures 6 .2 ,  6.3 and 6 . 4 .  The r e s u l t s  show 
t h a t  a s in g le  broadcast a p p l i c a t i o n  o f  the Cu f e r t i l i s e r  t o  the sward, 
a t  a l l  t h ree  a p p l i c a t i o n  ra tes ,  produced s i g n i f i c a n t  increases (p<0.01 
f o r  c u t  1 1 9 8 6 ,  p < 0 . 0 0 1  f o r  a l l  o t h e r  c u t s )  i n  h e r b a g e  Cu
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c o n c e n t r a t i o n s  compared t o  c o n t r o l  In a l l  f i v e  c u t s  taken  o v e r  a 
per iod o f  31 months. There were no s i g n i f i c a n t  d i f f e r e n c e s  in herbage 
Cu c onc e n t ra t io ns  between l imed (pH 5.8) and unl imed (pH 5.3) p lo t s  a t  
any a p p l i c a t i o n  ra te  in any c u t .  As the l ime was broadcast onto an 
es tab l ished  sward and would take a cons iderab le  t im e ,  up t o  one year ,  
t o  f u l l y  a f f e c t  the  s o i l  pH, d i f fe re n c e s  might no t  be expected in the  
f i r s t  year .  In  subsequent years the r e l a t i v e l y  small d i f f e r e n c e  in 
s o i l  pH between the two t rea tments ,  5.3 and 5 .8  was probably  not  
enough t o  cause any s i g n i f i c a n t  e f f e c t  on herbage Cu concen t ra t ions  in 
the  f i e l d .  The 370 kg/ha Cu f e r t i l i s e r  a p p l i c a t i o n  ra te ,  as used in 
o t h e r  e x p e r i m e n t a l  w o r k ,  gave  a 20% i n c r e a s e  i n  h e rb a g e  Cu 
c o n c e n t ra t io n s .
6 .4 .3  Concentrations o f other elements in the herbage
S i g n i f i c a n t  d i f f e r e n c e s  (p<0.001) in  herbage Zn concen t ra t ions  were 
found between t rea tm en ts .  Z inc ,  t h e re fo re ,  showed s im i l a r  e f f e c t s  t o  
t h a t  o f  Cu; i n c r e a s i n g  f e r t i l i s e r  a p p l i c a t i o n  r a t e s  r e s u l t e d  in  
s i g n i f i c a n t  increases in herbage Zn conce n t ra t io ns  in both cu ts  in 
1986 and 1987 (Table 6 .6 )  when i t  was measured. A 370 kg/ha (7 .5  kg 
Zn/ha) Cu f e r t i l i s e r  a p p l i c a t i o n  ra te  gave a 20% increase in herbage 
Zn c o n c e n t ra t io n s .  Herbage Zn was not analysed in the  1988 samples, 
i t  can be assumed t o  have e x h ib i te d  a s i m i l a r  e f f e c t  t o  t h a t  o f  Cu 
based on the  p rev ious  two years r e s u l t s  and the  f a c t  t h a t  the  same 
p l a n t  processes are used f o r  Cu and Zn uptake (Bowen, 1981),
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Table 6 .6
Mean herbage Zn concentration (mg/kg)
Cu f e r t i l i s e r  ap p lica tio n  ra te  (kg/ha)
Year Cut S .E .D .
2.15
1.91
0 185 370 740
1986 1 41.16 42.53 47.70 48,31
2 31.35 34.91 38.56 40.63
1987 1 31.29 34.40 38.12 41.07
2 32.36 36.85 41.77 46.45
No s i g n i f i c a n t  d i f f e r e n c e s  in  herbage Fe, Pb, Cd, C r ,  Mn o r  Ni 
conce n t ra t io ns  among t rea tments  were found in e i t h e r  1986 o r  1987; 
t r i a l  mean concen t ra t ions  o f  these elements f o r  both years are g iven 
in  Tab le 6 .7 .  The c once n t ra t io ns  o f  a l l  t he  elements were we l l  w i t h i n  
accep tab le  le v e ls  (Table 6 . 7 ) .  The Cu f e r t i l i s e r  caused no t o x i c i t y  
problems In t h i s  t r i a l .  Based on these r e s u l t s  i t  was assumed t h a t  
t h e s e  e lemen ts  would no t  cause any prob lem in  t h e  f u t u r e  and so 
a n a ly s is  f o r  Fe, Pb, Cd, Cr,  Mn o r  Ni concen t ra t ions  were not  c a r r i e d  
ou t  in 1988, As on ly  0.2% o f  the  app l ied  Cu was a c t u a l l y  taken up by 
th e  p lan ts  i t  is  suggested t h a t  i f  a s i m i l a r  r a t i o  is  used f o r  Pb, Cd, 
Cr,  Mn o r  Ni uptake then the  increases would be undetectab le  as they 
are present  in the Cu f e r t i l i s e r  a t  much smal le r  c onc e n t ra t io ns .
6 .4 ,4  A vailab le  Cu in the Herbage
The amount o f  Cu in the herbage a v a i l a b le  t o  sheep when the herbage Mo 
and S concen t ra t ions  were taken in to  cons ide ra t ion  (sec t ion  2 .3 .6 )  
increased w i th  inc reas ing  Cu f e r t i l i s e r  a p p l i c a t io n  ra tes  (Table 6 .8 )  
in  years 1986 and 1987. As on ly  e ig h t  samples from each c u t ,  one per
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t rea tment»  were analysed f o r  Mo and S the above statement  1s on ly  a 
t r e n d  and c ann o t  be s a i d  t o  be s i g n i f i c a n t .  However,  as t h e  
concen t ra t ions  o f  Mo and S In t h e  herbage remained r e l a t i v e l y  
c o n s i s te n t  th roughout  the  m on i to r in g  per iod I t  Is suggested t h a t  s ince  
t h e  Cu f e r t i l i s e r  d id  cause s i g n i f i c a n t  In c re a s e s  In herbage Cu 
concen t ra t ions  I t  Is l i k e l y  t h a t  i f  a l l  32 samples had been analysed 
f o r  Mo and S a s i g n i f i c a n t  Increase In the concen t ra t ion  o f  a v a i l a b le  
Cu would have been recorded as the  Cu:Mo r a t i o  would have been a l t e r e d  
( s e c t io n  2 . 3 . 6 ) ,
Table 6 .8
A vailab le  Cu content o f  herbage a f te r  Mo and S are  
taken in to  consideration  (mg/kg) (S u tt le , 1981c)
Cu f e r t i l i s e r  app lication  ra te  (kg /ha)
Year Cut Soil pH
0 185 370 740
1986 1 5.3 0.59 0.53 0,59 0.62
5.8 0.48 0.55 0.57 0.59
2 5.3 0.38 0.40 0.39 0.51
5.8 0.40 0.39 0.61 0.67
1987 1 5.3 0.32 0.36 0.46 0.46
5.8 0.21 0.53 0.46 0.52
2 5,3 0.34 0.41 0.45 0.48
5.8 0.26 0.43 0.45 0.51
6 .4 .5  E ffects  o f Time on Herbage Cu Concentrations
The mean herbage Cu conc e n t ra t io n s  f o r  each Cu f e r t i l i s e r  a p p l i c a t i o n  
r a te  In a l l  f i v e  cu ts  are given In Table 6.9 and presented a ga ins t
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t im e  1n F igure 6 .5 .  They show t h a t  th e re  Is an Increase 1n herbage Cu 
c o n c e n t r a t i o n s  f o r  a l l  t h r e e  a p p l i c a t i o n  r a t e s  o v e r  t h e  c o n t r o l  
between t h e  f i r s t  and second c u t .  T h i s  I s  p r o b a b ly  due t o  t h e  
d i s t r i b u t i o n  o f  the  Cu f e r t i l i s e r  w i t h i n  the  ro o t in g  zone Improving 
over  the  summer t o  a l low  b e t t e r  uptake o f  Cu by the  p la n t .  The 
e levated herbage Cu c onc e n t ra t io n s ,  over  the  c o n t r o l ,  were maintained 
t h r o u g h o u t  t h e  t r i a l  p e r i o d  f o r  t h e  370 k g / h a  Cu f e r t i l i s e r  
a p p l i c a t i o n  ra te  which Impl ies  t h a t  I t  Is  p rov id ing  a cons tant  supp ly 
o f  Cu t o  the  ro o t in g  zone. The 185 kg/ha Cu f e r t i l i s e r  t rea tment  a lso 
maintained a h igher  herbage Cu c o nce n t ra t io n  than the c o n t r o l ;  however 
the  herbage Cu c once n t ra t io ns  f o r  the c o n t r o l  and 185 kg/ha t rea tment  
s t a r t  t o  converge In the  f i f t h  c u t  suggest ing t h a t  the e f fe c t i v e n e s s  
o f  t h i s  t rea tm en t  Is  now d im in is h in g .  The I n te r e s t i n g  p o in t  Is t h a t  
th e re  1s a dramat ic  Increase In the herbage Cu concen t ra t ion  o f  the  
740 kg/ha t rea tm en t ,  compared t o  the  c o n t r o l ,  between the  f i r s t  and 
l a s t  c u t s .  Thus the e f fe c t i v e n e s s  o f  the  740 kg/ha Cu f e r t i l i s e r  
a p p l i c a t i o n  ra te  Is  Inc reas ing  w i th  t im e .  The reason f o r  t h i s  and how 
long the  e f fe c t i v e n e s s  o f  the t rea tm en t  w i l l  l a s t  Is unknown. I t  Is  
po s s ib le  t h a t  m ix ing o f  the  s o i l  by s o i l  organisms has cont inued t o  
Improve the d i s t r i b u t i o n  o f  the  Cu f e r t i l i s e r  w i th in  the s o i l  over  
t im e w i th  the  l a r g e s t  a p p l i c a t i o n  r a te ,  which should re lease a g re a te r  
amount o f  Cu, becoming the  most c l o s e l y  in teg ra ted  w i th  the  p la n t  
r o o t s .  The e f fe c t i v e n e s s  o f  o the r  Cu sources In the a rab le  s i t u a t i o n  
has been found t o  Improve w i th  t ime due t o  the cons tant  mixing o f  the  
s o i l  (Graham and Nambler, 1981), The r e s u l t s  do however Imply t h a t  
the  Cu f e r t i l i s e r  a t  both the  370 and 740 kg/ha a p p l i c a t i o n  ra te  w i l l  
con t inue  to  supply Cu t o  the  p la n t  In to  the f u tu r e .
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Table 6.9
Mean herbage Cu concentration fo r each Cu f e r t i l i s e r  
ap p lica tio n  ra te  fo r a i l  cuts
Cu f e r t i l i s e r  app lication  ra te  (kg /ha)
Year Cut S.E.D
0 185 370 740
1986 1 8.85 9.18 9.85 9.99 0.38
1986 2 7.51 8.21 9.20 9.74 0.23
1987 1 6.79 7.82 8.60 9.59 0.22
1987 2 7.80 8.77 9.40 10.68 0.24
1988 1 5.60 5.86 6.66 9.15 0.38
6 .4 .6  Soil Cu Concentrations
S o i l  s am p l ing  o f  p l o t s ,  two yea rs  a f t e r  t h e  I n i t i a l  a p p l i c a t i o n  
revealed a t h i n  grey l i n e  in the s o i l  cores approx im ate ly  2 cm from 
the  su r face .  As the  th ickne ss  o f  the l i n e  appeared t o  increase in the 
p l o t s  w i th  the  h ighes t  a p p l i c a t i o n  ra tes ,  i t  was examined and found t o  
be t h e  Cu f e r t i l i s e r  s t i l l  p r e s e n t  in  an o b s e r v a b le  fo rm .  S o i l  
ana lys is  showed e leva ted  s o i l  Cu concen t ra t ions  in the  top  5 cm o f  the 
s o i l  (T a b le  6 . 9 ) .  The 370 k g /h a  Cu f e r t i l i s e r  a p p l i c a t i o n  r a t e  
increased the t o t a l  Cu concen t ra t ion  in the top 5 cm o f  the  s o i l  by an 
average o f  7 mg/kg. Th is  i s  very c lose  t o  the  7.5 mg/kg increase in 
s o i l  Cu c o nce n t ra t io n  t h a t  should in theory  be ob ta ined by a 370 kg/ha 
Cu f e r t i l i s e r  a p p l i c a t i o n  r a te .  Inc reas ing  a p p l i c a t i o n  ra tes  resu l ted  
in increased t o t a l  s o i l  Cu concen t ra t ions  in the  top 5 cm on ly  (F igure
6.5  and Table 6 . 9 ) .  Th is  inc reas ing  s o i l  Cu c o n c e n t ra t io n  in the  top 
5 cm wi th  each a p p l i c a t i o n  ra te  increment is  emphasised more by the 
E.D.T.A, e x t r a c ta b le  s o i l  Cu concen t ra t ion  r e s u l t s  (F igu re  6 . 7 ) .  I t
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can be conc lude d  t h a t  t h e  Cu f e r t i l i s e r  does i n c re a s e  s o i l  Cu 
c oncen t ra t ions ;  i t  i s  immobile in the  s o i l  and remains in the top 5 cm 
o f  the  s o i l .
6 .4 .7  Conclusions
This  new slow re lease Cu f e r t i l i s e r  when appl ied  t o  the s o i l  does 
increase the uptake o f  Cu by herbage. A f t e r  a p p l i c a t i o n  i t  appears t o  
degrade very s lo w ly  and i s  s t i l l  present  in an i d e n t i f i a b l e  form in 
the  s o i l  two years l a t e r .  Dur ing t h i s  t im e i t  has released enough Cu 
t o  s i g n i f i c a n t l y  increase herbage Cu concen t ra t ions  and t h i s  e f f e c t  
was c a r r ie d  over  i n t o  a t h i r d  year .  A s im i l a r  e f f e c t  was shown f o r  
Zn. These increases were not accompanied by increases o f  Fe, Pb, Cd, 
Cr,  Mn o r  Ni c onc e n t ra t io ns  in the  herbage. The concen t ra t ions  o f  a l l  
the  elements monitored in the herbage were w i th in  acceptab le  t o x i c i t y  
l i m i t s  and Cu f e r t i l i s e r  a p p l i c a t i o n  had no p o s i t i v e  o r  d e le te r io u s  
e f f e c t s  on herbage y ie ld s  a t  ra tes  o f  up t o  740 kg/ha (15.0 kg Cu/ha) .  
The Cu f e r t i l i s e r  has provided a source o f  Cu t o  herbage over the 
th re e  year m on i to r ing  per iod w i th  the  p o s s i b i l i t y  o f  s i m i l a r  p ro v is io n  
in the f u tu re  as i t  i s  s t i l l  p resent  in the  s o i l .
Al though the  Cu f e r t i l i s e r  had a ^ e f f e c t  on the  Cu con ten t  
o f  the  herbage i t  appears t o  be no more e f f e c t i v e  than copper su lphate  
o r  o t h e r  l e s s  s o l u b l e  Cu forms would have been under  s i m i l a r  
c o n d i t i o n s .  The 2 -4  mg/kg in c r e a s e  in  herbage Cu c o n c e n t r a t i o n s  
obtained by use o f  the  Cu f e r t i l i s e r  i s  equ iv a le n t  t o  those found 
elsewhere using s i m i l a r  Cu a p p l i c a t i o n  ra tes  in the form o f  CuS0^,5H20 
o r  o the r  s o i l  app l ied  Cu t rea tments  (R e i th ,  1983; Evans, 1983). A l l  
o f  these have been found t o  be e f f e c t i v e  f o r  2-4 years in the s o i l .
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which the  Cu f e r t i l i s e r  has a t  le a s t  matched and may exceed in  f u tu re  
years .
The 7.5 kg/ha (370 kg/ha)  Cu f e r t i l i s e r  a p p l i c a t i o n  ra te  used in the 
Garmore ewe response t r i a l  (Chapter 5) has been shown by these re s u l t s  
t o  be an e f f e c t i v e  Cu f e r t i l i s e r  f o r  herbage. Th is  a p p l i c a t i o n  ra te  
gave an mean 20% in c r e a s e  in  herbage Cu c o n c e n t r a t i o n s  f o r  t h r e e  
success ive years in t h i s  herbage t r i a l .  The poss ib le  use o f  o the r  Cu 
f e r t i l i s e r  a p p l i c a t i o n  ra tes  f o r  grazed sward w i l l  be discussed l a t e r .
6 .5  SUMMARY
5 .5 .1  Broadcast a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r  t o  es tab l ishe d  sward 
had no b e n e f i c i a l  o r  d e le te r io u s  e f f e c t s  on herbage y ie ld s  a t  
rates o f  up t o  740 kg /ha .
6 .5 .2  Observation and ana ly s is  showed i t  t o  be presen t in  the  top 5 
cm o f  the s o i l  two years a f t e r  sur face a p p l i c a t i o n .  The Cu 
f e r t i l i s e r  appears t o  be r e l a t i v e l y  immobi le and on ly  s p a r in g ly  
s o lub le  in the s o i l .
6 .5 .3  A p p l i c a t i o n  o f  t h e  Cu f e r t i l i s e r  i n c r e a s e d  h e r b a g e  Cu 
c o n c e n t r a t i o n s .  I n c r e a s in g  a p p l i c a t i o n  r a t e s  produced 
s i g n i f i c a n t  increases in herbage Cu c onc e n t ra t io ns  in th ree  
successive years a f t e r  a s in g le  a p p l i c a t i o n .
6 . 5 . 4  Liming o f  the  s o i l  from pH 5.3 to  5 .8  had no s i g n i f i c a n t  e f f e c t  
on herbage Cu c once n t ra t io ns  a t  any a p p l i c a t i o n  r a te .
6 .5 .5  I n c r e a s i n g  f e r t i l i s e r  a p p l i c a t i o n  r a t e s  a l s o  p r o d u c e d  
s i g n i f i c a n t  increases in herbage Zn c o n c e n t ra t io n s .  There were
191
no cor responding Increases In herbage Pb, Fe, N1, Mn, Cr o r  Cd 
c onc e n t ra t io ns .
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CHAPTER 7 . ANIMAL RESPONSE TRIAL, PINMACHER FARM
7 .1  INTRODUCTION
The f i r s t  years r e s u l t s  from the  ewe response t r i a l  a t  Garmore Farm 
demonstrated t h a t  a p p l i c a t i o n  o f  the Cu f e r t i l i s e r  a t  370 kg/ha,  as a 
t o p  d r e s s i n g  t o  g r a s s l a n d  s i g n i f i c a n t l y  r a i s e d  p la s m a  Cu 
concen t ra t ions  o f  ewes g raz ing  the t rea ted  pasture above those o f  
c o n t ro l  ewes where plasma Cu concen t ra t ions  a c t u a l l y  dec l ined  over the 
w in te r  and sp r ing  months. However, i t  was thought  t h a t  inges t ion  o f  
the  Cu f e r t i l i s e r  by the  ewes c o n t r ib u te d  towards t h i s  e f f e c t  (Chapter 
5 ) .  A second f i e l d  t r i a l  was th e r e fo re  i n i t i a t e d  t o  determine I f  a 
lower a p p l i c a t i o n  r a te ,  w i th  the  consequent reduced p o te n t i a l  f o r  
s u r f a c e  c o n t a m in a t i o n  and i n g e s t i o n ,  would r e s u l t  in  com parab le  
increases and maintenance o f  sheep plasma Cu c onc e n t ra t io ns  t o  those 
found in the f i r s t  animal t r i a l .  The a p p l i c a t i o n  r a te  chosen was 250 
kg/ha Cu f e r t i l i s e r .  Th is  was thought  to  be a s u f f i c i e n t  reduc t ion  to  
reduce sur face contaminat ion  w h i l s t  s t i l l  high enough t o  ra is e  herbage 
Cu c o n c e n t r a t i o n s .  The herbage t r i a l  a t  Garmore (C h a p te r  6) had 
p re v io u s ly  demonstrated t h a t  an a p p l i c a t io n  ra te  o f  185 kg/ha was 
s u f f i c i e n t  t o  r a i s e  herbage Cu c o n c e n t r a t i o n s  by a p p r o x im a t e l y  I  
mg/kg. In a d d i t io n  i t  was hoped t h a t  t h i s  t r i a l  would con f i rm  the  
r e s u l t s  o f  the  Garmore t r i a l ,  i . e .  t h a t  the Cu f e r t i l i s e r  was an 
e f f e c t i v e  source o f  Cu f o r  the  graz ing sheep.
At Pinmacher the m i ld e r  c l im a te  helped g ive s u f f i c i e n t  herbage growth 
t o  a l low sampling a t  any t ime o f  the year .  Thus samples could be 
taken be fore  and a f t e r  Cu f e r t i l i s e r  a p p l i c a t i o n  in o rde r  t o  monitor  
the  lo n g e v i t y  o f  su r face  con tam ina t ion .  Th is  was no t  poss ib le  in the
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Garmore t r i a l  as herbage samples could not be obta ined u n t i l  sp r ing  
growth occur red .
I n c o r p o r a t i o n  o f  a Cu nee d le  t r e a t m e n t  i n t o  t h e  t r i a l  a l lo w e d  
comparison o f  sheep graz ing pasture  n a t u r a l l y  low in Cu, w i th  both 
those t re a te d  w i th  a recognised method o f  p reven t ing  Cu d e f i c ie n c y  
( s e c t io n  2 .4 .2 )  and w i th  those graz ing  pasture  t re a te d  w i th  the  Cu 
f e r t i l i s e r  a t  250 kg/ha.
7 .2  EXPERIMENTAL
7 .2 .1  S i t e  D e s c r ip t i o n
The f i e l d  s i t e  was s i tu a te d  a t  Pinmacher Farm near Girvan in South 
West Scotland (O.S. map re fe rence NX235888). The farm has a h i s t o r y  
o f  Cu d e f i c i e n c y  problems due t o  low s o i l  Cu concen t ra t ions  and was 
seve re ly  a f fe c te d  in the Spr ing o f  1986 w i th  many swayback lambs.
The a rea  used was a r e c e n t l y  reseeded p a s t u r e  (1984) on a f r e e  
d r a in in g  brown f o r e s t  s o i l  o f  the  Benan s e r ie s .  I t  is  a t  an e le v a t io n  
o f  100-120 m and re c e iv e s  an average  annual  r a i n f a l l  o f  900 mm. 
W i t h i n  t h i s  a rea  a 3 ha paddock had been fenced  o f f  f o r  s i l a g e  
p roduc t ion  in prev ious  years but  was now used f o r  g raz ing ;  i t  was t o  
t h i s  paddock t h a t  the Cu f e r t i l i s e r  was a p p l ie d .
S o i l  samples were taken  a t  0-10  cm dep th  f rom  th e  paddock and 
sur rounding h i l l s i d e  t o  assess the  u n i f o r m i t y  o f  f e r t i l i t y  and Cu 
s ta tu s  o f  the  two areas. The samples were then analysed f o r  E.D.T.A. 
e x t r a c ta b le  Cu (sec t ion  3 . 2 . 8 ) ,  pH (s e c t io n  3 . 2 . 4 ) ,  % loss  on i g n i t i o n  
( s e c t i o n  3 . 2 . 6 ) ,  l im e  r e q u i r m e n t s  ( s e c t i o n  3 . 2 . 5 ) ,  a v a i l a b l e  K
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( s ec t ion  3 . 2 . 7 ) ,  and a v a i l a b le  P (sec t ion  3 . 2 . 7 ) .  The re s u l t s  l i s t e d  
in Table 7.1 show t h a t  the  s i t e  does have a low s o i l  Cu concen t ra t ion  
(M . I .S .R . ,  1985) and t h a t  the two areas were accep tab ly  un i form f o r  
use in t h i s  t r i a l .
Table 7 .1
Pinmacher response t r i a l ,  so il analysis resu lts
Analysis Paddock Surrounding h i l ls id e
% loss  on i g n i t i o n  15.5 15.5
pH 5.54 5.55
A v a i la b le  P (mg/1) 16 9,1
A v a i la b le  K (mg/1) 139 100
E.D.T.A.  e x t r a c ta b le  Cu (mg/kg) 1.61 1.43
7 .7 .2  Cu f e r t i l i s e r  ap p lica tio n
The Cu f e r t i l i s e r  was app l ied  t o  the paddock as a s in g le  broadcast 
a p p l i c a t i o n  to  the  e x i s t i n g  sward, a t  a ra te  o f  250 kg /ha ,  which i s  
eq u iv a len t  t o  5 kg Cu/ha, on 24 January 1987. A Vicon Var ispreader  
was used to  apply the  f e r t i l i s e r  as in sect ion 5 , 3 . 2 .  A wind f re e  day 
prevented d r i f t i n g  and a v i s i b l y  even spread o f  the  f e r t i l i s e r  was 
ob ta in e d .
7 .2 .3  Sheep Selection  and Treatment
On 28 October 1986 s i x t y  S u f fo lk  x S co t t ish  Blackface hoggs* were 
se lec ted  and randomly d iv ided  i n to  3 groups o f  20. Each hogg was then
* female  sheep from weaning to  f i r s t  shear ing
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tagged f o r  I d e n t i f i c a t i o n .  One group was then al lowed to  graze the  3 
ha paddock from 7 February,  2 weeks a f t e r  Cu f e r t i l i s e r  a p p l i c a t i o n .  
The two o th e r  groups, one o f  which was dosed w i th  5 g Cu needles on 28 
O c to b e r  1986 and aga in  on 11 March 1987, were re le a s e d  on to  t h e  
sur round ing  pas tu re .  Thus the re  were th re e  t rea tm en t  groups:
(a) Contro l  group g raz ing  untrea ted sward (n=20).
(b) Grazing un t rea ted  sward but dosed 5 g Cu needles (n=20).
(c )  Grazing Cu f e r t i l i s e r  t rea ted  sward from 7 February 1987 (n=20).
As the  hoggs were sold a f t e r  shear ing the t r i a l  was repeated w i th  60 
new hoggs in 1987-88; the  i n i t i a l  s e le c t io n  and Cu needle t rea tment  o f
th e  new sheep occurred on 8 October 1987 in the  second year o f  the
t r i a l .
7 .2 .4  Blood Sampling and Analysis
At i n t e r v a l s  o f  approx imate ly  every s i x  weeks throughout  the w in te r  
and s p r in g ,  blood samples were taken from a l l  animals in the t r i a l .  
The b lood  was a na lysed  f o r  th e  pa ram e te rs  l i s t e d  below u s in g  t h e  
procedures given in sec t ion  3 .4 .
( i )  Plasma Cu -  t o  assess the Cu s ta tu s  o f  the  hogg.
( 1 i ) Haemoglobin -  t o  check f o r  anaemia which i s  a symptom o f  Cu
d e f i c i e n c y  in animals.
( i i i )  Plasma Mg -  t o  monitor  f o r  hypomagnesaemia problems 
( i v )  G lu ta th ion e  perox idase -  t o  mon ito r  Se s ta tu s .
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7 .2 .5  Herbage Sampling and Analysis
Herbage samples were obtained a t  reg u la r  i n t e r v a l s  between December 
1986, before Cu f e r t i l i s e r  app l i ca to n ,  and A p r i l  1988 when the t r i a l  
was completed. Samples were taken as descr ibed in s ec t ion  5 .3 .7  and 
were analysed f o r  t o t a l  Cu concen t ra t ion  on ly .
7 .3  RESULTS
7 ,3 .1  Plasma Cu Concentra t ions 1986 t o  1987
Mean plasma Cu concen t ra t ions  f o r  each t rea tment  group o f  hoggs in the  
f i r s t  y e a r  o f  t h e  t r i a l  are  g i v e n  in  T a b le  7 .2  and p resen ted  
g r a p h i c a l l y  in F igure  7 .1 .  A d m in is t ra t io n  o f  Cu needles on 28 October 
1986 and 11 March 1987 produced plasma Cu c once n t ra t io ns  which were 
maintained s i g n i f i c a n t l y  above (p<0.001) those o f  th e  c o n t ro l  group 
f o r  the  du ra t ion  o f  the t r i a l .  The two doses o f  5 g Cu needles were 
s u f f i c i e n t  t o  prevent  Cu d e f i c ie n c y  f o r  the f u l l  35 weeks o f  the 
t r i a l .  These r e s u l t s  are s im i l a r  t o  those obta ined in  the Garmore ewe 
response t r i a l  (Chapter 5) and f o r  sheep by o th e r  workers ( S u t t l e ,  
1981; Whitelaw e t  a l ,  1983) and demonstrate t h a t  Cu needles are an 
e f f e c t i v e  method o f  p revent ing Cu d e f i c ie n c y  in hoggs on t h i s  farm. 
T h e r e f o r e  t h e  Cu need le  t r e a t m e n t  was aga in  a s u i t a b l e  y a r d s t i c k  
aga ins t  which t o  compare the e f fe c t i v e n e s s  o f  the  new Cu f e r t i l i s e r .
F i g u r e  7 .1  a l s o  shows t h a t  p r i o r  t o  t h e  a p p l i c a t i o n  o f  t h e  Cu 
f e r t i l i s e r ,  the  mean plasma Cu concen t ra t ion  o f  the  hoggs grazing both 
the  paddock and the  c o n t ro l  area, dec l ined a t  a s i m i l a r  ra te  w i th  no 
s i g n i f i c a n t  d i f f e r e n c e s  from O c tobe r  u n t i l  t h e  end o f  Janua ry .  
The c o n t r o l  and Cu f e r t i l i s e r  g roups  had s i x  and f i v e  hoggs,
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r e s p e c t i v e l y #  w i t h  plasma Cu c o n c e n t r a t i o n s  be low t h e  d e f i c i e n c y  
th re sho ld  on 29 January 1987. However, a f t e r  a p p l i c a t i o n  o f  the  Cu 
f e r t i l i s e r ,  and the  r é in t r o d u c t io n  o f  the  20 hoggs t o  the  t r e a te d  
pasture  14 days l a t e r ,  the mean plasma Cu concen t ra t ion  o f  the  Cu 
f e r t i l i s e r  hoggs increased to  be s i g n i f i c a n t l y  (p<0.001) above t h a t  o f  
the  c o n t ro l  hoggs which remained below the  d e f i c ie n c y  th resho ld  f o r  a 
f u r t h e r  10 weeks. By 11 March 1987 the  Cu f e r t i l i s e r  t rea tm en t  had 
produced plasma Cu c o n c e n t r a t i o n s  wh ich  were e q u i v a l e n t  t o  t h o s e  
ob ta ined by adm in is te r ing  Cu needles and 10 weeks l a t e r  they  were 
s i g n i f i c a n t l y  h igher  (p<0.001) than those o f  the  Cu needle t rea tm en t  
and b o t h  we re  s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  mean p la s m a  Cu 
c o nc e n t ra t io n  o f  the  c o n t ro l  group. The e le v a t io n  in the plasma Cu 
c o n c e n t ra t io n ,  from 8.2 t o  18.2 ^ m o l /1 ,  o f  the hoggs graz ing the  Cu 
f e r t i l i s e r  t rea tm en t  was maintained u n t i l  the end o f  the  t r i a l  on the  
sa le  o f  the  hoggs in Ju ly  1987. Thus a s i m i l a r  e f f e c t  t o  t h a t  a t  
Garmore (Chapter 5) was achieved but  w i th  the  lower a p p l i c a t i o n  r a te ,  
the  Increase in Cu concen t ra t ion  took longer ,  12 weeks compared w i th  
less  than seven weeks a t  Garmore. In a d d i t io n  the r e s u l t s  f o r  Cu 
f e r t i l i s e r  t rea tm en t  were again comparable t o  those obta ined us ing 
o ra l  dosing w i th  Cu needles.
7 .3 .2  H a e m o g lo b in ,  Plasma Mg and G l u t h a t h i o n e  P e r o x i d a s e  
Concentrations
No s i g n i f i c a n t  d i f f e re n c e s  in haemoglobin, plasma Mg o r  g l u th a th io n e  
perox idase concen t ra t ions  in the  blood were found among the  th re e  
t r e a t m e n t  g ro u p s ;  t r i a l  mean c o n c e n t r a t i o n s  f o r  each o f  t h e s e  
parameters on each sampling date are given in Table 7 .3 .  The m a jo r i t y  
o f  i n d i v i d u a l  r e s u l t s  were w i th in  the  normal range f o r  each o f  these
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parameters 1n sheep (Appendix 2 ) ,  any o the r  r e s u l t  was on ly  m a rg ina l ly  
ou ts id e  i t s  normal range. There fore  as on ly  plasma Cu concen t ra t ions  
showed s i g n i f i c a n t  d i f f e re n c e s  o r  d e f i c i e n c ie s  among the groups i t  was 
p u re ly  a p o t e n t i a l  Cu d e f i c ie n c y  problem on the  farm. Thus ana lys is  
f o r  these o th e r  parameters was no t  c a r r i e d  out  in the  second year o f  
the  t r i a l .
Table 7 .3
Mean Hb, Plasma Mg and GSH-Px Concentrations 
on each Sampling Date
Date o f  sampl ing Haemoglobin Plasma Mg G lu tha th ione
28/10/86 12.7 2.1 32.1
14/12/86 10.1 1.9 49.1
29/01/87 13.0 1.8 80.8
11/03/87 11.6 1.9 62.3
12/05/87 11.4 1.9 81.9
01/07/87 8.7 2.2 60.4
S.E.D. 0.57 0.16 8.56
7 .3 .3  Herbage Cu Concentrations
Herbage Cu conce n t ra t io ns  f o r  the  Cu f e r t i l i s e r  t r e a te d  paddock and 
the  sur rounding pas ture are shown in F igure  7 .2 ;  they  show a dramat ic 
increase in the  herbage Cu c oncen t ra t ion  from 11 mg Cu/kg t o  over 2000 
mg Cu/kg one week a f t e r  a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r .  As a t  
Garmore ( s e c t io n  5 .5 .6 )  t h i s  very high Cu c o nce n t ra t io n  can on ly  be 
due t o  the Cu f e r t i l i s e r  coa t ing  the sur face o f  the  herbage. This 
adherence t o  t h e  herbage s l o w l y  d e c l i n e d  o v e r  t h e  n e x t  10 weeks.
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probab ly  due t o  a combinat ion o f  herbage growth,  r a i n f a l l  and g raz ing .  
By e a r l y  May the  t re a te d  herbage had a Cu concen t ra t ion  on ly  3 mg/kg 
h i g h e r  than  t h a t  o f  t h e  s u r ro u n d in g  h i l l s i d e .  The Cu f e r t i l i s e r  
t r e a t e d  herbage m a in ta in e d  a 2 t o  3 mg Cu/kg  advantage in Cu 
th roughout  the  12 remaining months o f  the m on i to r ing  pe r iod ,  to  May 
1988. Th is  d i f f e r e n t i a l  is  probably due t o  absorp t ion  by the 
p l a n t .  As a t  Garmore these re s u l t s  imply t h a t  the  increase in plasma 
Cu conce n t ra t io n s  o f  the  hoggs (7 .3 .1 )  was probably  due t o  inges t ion  
o f  the  Cu f e r t i l i s e r  when i t  was adher ing t o  herbage ra th e r  than t o  
the  increased herbage Cu concen t ra t ions  found a f t e r  May 1987.
7 . 3 . 4  Plasma Cu Concentrations 1987 to  1988
S ix t y  new hoggs were in troduced to  the  t r i a l  s i t e  on 8 October 1987. 
Twenty were al lowed t o  graze the Cu t re a te d  pas ture ,  twenty  were dosed 
on t h a t  date w i th  5 g Cu needles and twenty  kept  f o r  c o n t ro l  animals.  
The mean plasma Cu concen t ra t ion  f o r  each group o f  hoggs on each 
sampl ing date are given in Table 7 .4  and presented g r a p h i c a l l y  in 
F igure  7 .3 .  U n fo r tu n a te l y  a l l  twenty c o n t ro l  hoggs were a c c i d e n ta l l y  
dosed w i th  Cu needles by the farmer between the  f i r s t  and second 
s am p l ing  d a t e .  However,  t h e  t r i a l  was c o n t i n u e d  a l th o u g h  t h e  
s ig n i f i c a n c e  o f  the  second years r e s u l t s  cannot be determined due t o  
t h e  la c k  o f  a s u i t a b l e  c o n t r o l  group f o r  c o m p a r is o n .  The hoggs 
t re a te d  w i th  Cu needles demonstrated the  expected increase in plasma 
Cu c o n c e n t ra t io n  a f t e r  a d m in is t ra t ion  and t h i s  was maintained u n t i l  
the  t r i a l  was te rm ina ted  seventeen weeks l a t e r .  I n t r o d u c t i o n  o f  the  
new hoggs to  the  Cu f e r t i l i s e r  t rea ted  paddock resu l ted  in an increase 
in t h e i r  mean plasma Cu concen t ra t ion  from 10,05 t o  16.1 mol/1 w i th in
ten weeks a t  a t im e o f  year when, based on the  f i r s t  years con t ro l
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group and g e n e ra l  e x p e r i e n c e ,  plasma Cu c o n c e n t r a t i o n s  u s u a l l y  
d e c l i n e .  Th is  Increased plasma Cu concen t ra t ion  was maintained u n t i l  
22 February 1988. The r e s u l t s  had demonstrated by t h i s  date t h a t  the  
low a p p l i c a t i o n  ra te  used here cont inued t o  have a res idua l  e f f e c t  on 
the animal one year a f t e r  a p p l i c a t i o n .  However, because o f  the lack  
o f  a s u i t a b l e  c o n t ro l  group the t r i a l  was brought  t o  a c lose  as 
r e l i a n c e  cou ld  not be put upon the f i n d i n g s .
Table 7 .4
Mean hogg plasma Cu concentrations October 1987 to  February 1988
Plasma Cu concentration (jjm ol/1)
Date o f sampling Control Cu needles Grazing Cu trea ted  pasture
08/10/87 12.8 16.1 10.1
18/12/87 -  17.2 16.1
22/02/88 -  19.9 17.0
Figure  7.2 suggests t h a t  by the s t a r t  o f  the second year o f  the t r i a l  
on 8 October 1987 th e re  was l i t t l e  o r  no sur face  contaminat ion o f  the  
herbage w i th  the  Cu f e r t i l i s e r  and as the sward cover was very good, 
even over the  w in te r .  I t  Is  u n l i k e l y  t h a t  the sheep Ingested much s o i l  
and assoc ia ted Cu f e r t i l i s e r .  Therefore  as the  hoggs were new t o  the  
paddock the  increased herbage Cu concen t ra t ion  was probably the major 
c o n t r i b u t o r  t o  the  increase in plasma Cu conce n t ra t io ns  al though the  
p o s s i b i l i t y  o f  some inges t ion  o f  the Cu f e r t i l i s e r  along w i th  s o i l  in 
t h i s  second year  cannot be d iscounted.
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7 .3 .5  Conclusions
The r e s u l t s  demonstrate t h a t  the  lower Cu f e r t i l i s e r  a p p l i c a t i o n  ra te  
has resu l ted  in a comparable increase in and maintenance o f  the plasma 
Cu concen t ra t ion  o f  sheep g raz ing  the Cu t re a te d  sward t o  t h a t  found 
a t  Garmore.
In  t h e  f i r s t  yea r  t h e  main reason f o r  t h e  i n i t i a l  i n c r e a s e  and 
maintenance o f  plasma Cu c once n t ra t io ns  was probably  due t o  d i r e c t  
in ges t ion  o f  the Cu f e r t i l i s e r  as i t  coated the  herbage in the  f i r s t  
e leven weeks a f t e r  a p p l i c a t i o n .  Th is  suppor ts the  hypothes is  put
f o r w a r d  i n  C h a p t e r  5 t h a t  t h e  i n i t i a l  i n c r e a s e  o f  p la s m a  Cu 
conce n t ra t io ns  in the  ewe response t r i a l  were due t o  d i r e c t  in g e s t io n  
o f  the  Cu f e r t i l i s e r  from coated herbage. However, the  increase in 
plasma Cu c o n c e n t r a t i o n s  t o o k  lo n g e r  than  a t  Garmore. T h i s  i s
probably  due to  the lower a p p l i c a t i o n  ra te  producing less  sur face
adherence than a t  Garmore. The surface con taminat ion in t h i s  t r i a l  
la s ted  on ly  eleven weeks compared w i th  over t h i r t y  weeks a t  Garmore 
a l t h o u g h  a t  Garmore t h e  p e r i o d  was p r o b a b l y  ex tended by t h e  ewes 
t ra m p l in g  the ground and re -con tam ina t ing  the  herbage over the summer 
months. At Pinmacher the hoggs were sold a t  the  s t a r t  o f  the  summer 
and t h i s  co inc ides  w i th  reduc t ion  in adherence. Hence the lower Cu 
f e r t i l i s e r  a p p l i c a t i o n  ra te  appears to  reduce s l i g h t l y  the p o s s i b i l i t y  
o f  d i r e c t  inges t ion  o f  the  Cu f e r t i l i s e r ,  but  was probably  s t i l l  the  
cause o f  the increased plasma Cu concen t ra t ion  in the  f i r s t  year .
When twenty new hoggs were in troduced to  the Cu f e r t i l i s e r  t r e a te d  
paddock one year a f t e r  the  a p p l i c a t i o n  o f  the Cu f e r t i l i s e r ,  th e re  was 
a lso ,  w i th in  ten weeks, a s i g n i f i c a n t  increase in t h e i r  plasma Cu
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co n c e n t ra t io n s .  Levels were then maintained above the d e f i c i e n c y  
th resho ld  over the  subsequent w in t e r .  I t  appears t h a t  the 2 t o  3 
mg/kg increase in herbage Cu conce n t ra t io ns  obtained by use o f  th e  Cu 
f e r t i l i s e r  was s u f f i c i e n t  t o  r a i s e  the leve l  o f  Cu in take  by th e  
graz ing  animal and prevent Cu d e f i c i e n c y .  The v a l i d i t y  o f  t h i s  r e s u l t  
cannot be guaranteed due t o  the  lack o f  a s u i t a b le  c o n t ro l  group. 
However,  i f  t h e y  are  compared w i t h  t h e  f i r s t  yea rs  c o n t r o l  g roup  
r e s u l t s  or  t o  the  seasonal changes in plasma Cu concen t ra t ion  found in 
the  c o n t ro l  group a t  Garmore ( s e c t io n  5 .6 .1 )  then i t  appears t h a t  the  
Cu f e r t i l i s e r  has shown res idua l  e f f e c t s  in the second year o f  the  
t r i a l .  The f a c t  t h a t  t h i s  occurs i s  promising as a t  Garmore th e  
plasma Cu o f  ewes newly in troduced t o  the t re a te d  paddock d id  no t  
increase u n t i l  new herbage growth occurred in the sp r ing  and so the  
r e s u l t  was not so c le a r  c u t .
The s in g le  Cu f e r t i l i s e r  a p p l i c a t i o n  was e f f e c t i v e  f o r  a t  l e a s t  two 
years and r e s u l t s  were comparable t o  those obtained using o ra l  dosing 
o f  sheep w i th  Cu needles. However, over  the two year per iod the sheep 
were dosed w i th  Cu needles on 3 occasions compared w i th  the s in g le  Cu 
f e r t i l i s e r  a p p l i c a t i o n .  A p p l i c a t io n  o f  the Cu f e r t i l i s e r  could o f f e r  
a s u b s ta n t ia l  saving in t ime and labour  cos ts ,  as each Cu needle 
t rea tment  invo lves  c o l l e c t i o n  o f  the  sheep, dosing and then re tu rn in g  
t h e  sheep t o  t h e  p a s t u r e .  In  t h i s  t r i a l  t h e  Cu f e r t i l i s e r  has 
produced r e s u l t s  b e t t e r  than  t h o s e  o b ta in e d  u s in g  o t h e r  s o i l  Cu 
trea tments  by o th e r  workers ( 2 . 4 . 2 ) ;  i t  has provided p ro te c t io n  f rom 
Cu d e f i c i e n c y  f o r  a longer  t ime p e r io d .  However i t  i s  on ly  in the  
second year t h a t  the re s u l t s  cou ld  be due t o  increased herbage Cu 
concen t ra t ions  and the t r i a l  would have had t o  cont inue f o r  a t  l e a s t
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one more year t o  con f i rm  t h i s .
In  summary t h i s  t r i a l  has again shown t h a t  a p p l i c a t i o n  o f  the  Cu 
f e r t i l i s e r  i s  an e f f e c t i v e  method o f  p r e v e n t i n g  Cu d e f i c i e n c y  in  
sheep. The lower Cu f e r t i l i s e r  a p p l i c a t i o n  ra te ,  250 kg/ha compared 
w i t h  370 k g /h a  a t  Garmore, has reduced t h e  p o t e n t i a l  f o r  s u r f a c e  
c o n t a m in a t i o n  o f  t h e  herbage b u t  has s t i l l  p roduced com parab le  
in c re a s e  in and m a in tenance  o f  plasma Cu c o n c e n t r a t i o n s  o f  sheep 
g raz ing  the t re a te d  sward. The r e s u l t s  suppor t  the  hypothesis  put 
f o r w a r d  in  C h a p t e r  5 t h a t  t h e  i n i t i a l  i n c r e a s e  i n  p las m a  Cu 
c o n c e n t r a t i o n s  was due t o  d i r e c t  i n g e s t i o n  o f  t h e  Cu f e r t i l i s e r .  
However,  t h e  Cu f e r t i l i s e r  a l s o  produced i n c re a s e d  herbage Cu 
c o n c e n t r a t i o n s  w h ic h  were  s u f f i c i e n t  t o  m a i n t a i n  p la s m a  Cu 
conce n t ra t io ns  above the d e f i c i e n c y  th resho ld  in  twenty  new sheep 
introduced in the second year which could not have d i r e c t l y  ingested 
the  Cu f e r t i l i s e r  coated onto herbage. The Cu f e r t i l i s e r  also s t i l l  
o f fe re d  the p o t e n t ia l  o f  a s i m i l a r  response in subsequent years as 
elevated herbage Cu c once n t ra t io ns  were maintained up t o  the end o f  
the  mon ito r ing  pe r iod .
7 .4  SUMMARY
7 .4 .1  The lo w e r  a p p l i c a t i o n  r a t e  does reduce t h e  p o t e n t i a l  f o r  
sur face adherence o f  the  Cu f e r t i l i s e r .  I t  does not ,  however, 
remove i t  and the  r e s u l t s  demonstrated t h a t  the  Cu f e r t i l i s e r  
was a v a i l a b le  f o r  in ges t ion  by the graz ing sheep.
7 .4 .2  The Cu f e r t i l i s e r  has produced comparab le  i n c r e a s e s  in  and 
maintenance o f  sheep plasma Cu concen t ra t ions  t o  those found a t
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Garmore (Chapter 5) desp i te  a lower a p p l i c a t i o n  r a te .
7 .4 .3  The in c re a s e d  plasma Cu c o n c e n t r a t i o n s  o f  t w e n t y  new sheep 
in troduced to  the  Cu f e r t i l i s e r  t re a te d  sward in the second 
year o f  the  t r i a l  showed t h a t  the  Cu f e r t i l i s e r  has a res idua l  
e f f e c t  o f  a t  l e a s t  two years.
7 . 4 . 4  The r e s u l t s  ob ta ined using the  Cu f e r t i l i s e r  were comparable t o  
those obtained using Cu needles but probably  involved less  t ime 
and e n e rg y .  Thus th e  t r i a l  has dem ons t ra ted  t h a t  t h e  Cu 
f e r t i l i s e r  t rea tm en t  i s  an e f f e c t i v e  method o f  preven t ing  Cu 
d e f i c i e n c y  in sheep.
7 .4 .5  The r e s u l t s  s u p p o r t  t h e  h y p o p th e s is  (C hap te r  5) t h a t  t h e  
i n i t i a l  increase in plasma Cu concen t ra t ion  was due t o  d i r e c t  
in ges t ion  o f  the  Cu f e r t i l i s e r ,  w i th  subsequent maintenance 
being due t o  the  increased Cu concen t ra t ion  o f  the herbage.
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CHAPTER 8 . LEAF ADHERENCE TRIAL
8.1  INTRODUCTION
Resu lts  from the  animal response t r i a l  (Chapter 5) showed e le v a t io n s  
in herbage Cu conce n t ra t io ns  o f  over  100 mg/kg in the f i r s t  s i x  months 
a f t e r  t h e  Cu f e r t i l i s e r  a p p l i c a t i o n .  These in c re a s e s  c a n n o t  be 
e n t i r e l y  due to  p la n t  uptake o f  Cu, as concen t ra t ions  above 30 mg/kg 
in herbage are p h y to to x ic  (Davies,  1980). In a d d i t io n  the  herbage 
f i e l d  t r i a l  (Chapter 6) showed t h a t  a Cu f e r t i l i s e r  a p p l i c a t i o n  ra te  
o f  370 k g / h a  o n l y  g a v e  a 2 - 4  m g /kg  i n c r e a s e  in  h e r b a g e  Cu 
c o n c e n t r a t i o n s .  T h i s  s u g g e s ts  t h a t  some o f  t h e  Cu f e r t i l i s e r  i s  
adher ing t o  the herbage, e s p e c ia l l y  in the f i r s t  s i x  months a f t e r  
a p p l i c a t i o n .  I f  t h i s  i s  t h e  case then  t h e  g r a z in g  a n im a ls  are  
a c t u a l l y  in ges t ing  Cu f e r t i l i s e r  which has e i t h e r  coated the herbage 
on a p p l i c a t i o n  or has s o i l e d  the  herbage due t o  the t ram p l ing  ac t ion  
o f  the  sheeps f e e t .  However, herbage sampling a t  the  two s i t e s ,  
e s p e c ia l l y  a t  Garmore, was i r r e g u l a r  in the per iod immediately a f t e r  
Cu f e r t i l i s e r  a p p l i c a t i o n  as the  sward was shor t  and not s u i t a b le  f o r  
c u t t i n g  w i t h o u t  c o n t a m in a t i o n  f rom s o i l  a t  th e  t im e  o f  s a m p l i n g .  
There fo re ,  in o rder  t o  o b ta in  evidence on which to  base advice f o r  the  
c o n t r o l  o f  d i r e c t  in ges t ion  o f  the  Cu f e r t i l i s e r  by the g raz ing  animal 
and thus minimise the r i s k  o f  any p o t e n t i a l l y  harmful e f f e c t s ,  a more 
d e t a i l e d  s tu d y  o f  i t s  p e r s i s t e n c e  on herbage a f t e r  a b r o a d c a s t  
a p p l i c a t i o n  was requ i re d .  Th is  exper iment may also p rov ide  evidence 
as t o  whether sur face adherence or  s o i l i n g  was the main cause o f  the 
e levated Cu con c e n t ra t io n s .
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8 .2  OBJECTIVES
The aim o f  t h i s  t r i a l  was to :
(a) Measure t h e  l o n g e v i t y  o f  adherence o f  t h e  Cu f e r t i l i s e r  t o  
herbage a f t e r  a broadcast a p p l i c a t i o n .
(b) Est imate the  in te r v a l  requi red between broadcast a p p l i c a t i o n  and 
the  i n t r o d u c t i o n  o f  animals t o  the  t re a te d  sward, by c o r r e l a t i n g  
the  r e s u l t s  o f  (a) w i th  d a i l y  r a i n f a l l  data.
8 .3  EXPERIMENTAL
I n  t h e  tw o  f i e l d  t r i a l s  ( C h a p t e r  5 and 7 ) ,  f o r  e x p e r i m e n t a l  
expediency, the  Cu f e r t i l i s e r  was app l ied  in the l a t e  autumn/winter 
p e r io d .  Thus, t h i s  t r i a l  was c a r r i e d  out  from January t o  March 1988 
f o r  comparison. As herbage growth i s  minimal a t  t h i s  t ime i t  i s  f a i r  
t o  assume t h a t  l i t t l e  d i l u t i o n  o f  adherence due t o  herbage growth 
would occur .  This should ensure t h a t  any reduct ion in herbage Cu 
c o n c e n t r a t i o n  was due t o  t h e  a c t i o n  o f  t h e  weather  and p h y s i c a l  
c h a r a c t e r i s t i c s  o f  the mate r ia l  o n ly .
The Cu f e r t i l i s e r  was broadcast,  t o  two 16 m areas o f  es tab l ished  
herbage, a t  an a p p l i c a t i o n  ra te  o f  370 kg/ha as used in both Garmore 
t r i a l s  (Chapter 5 and 6 ) .  The herbage was sampled a t  weekly i n t e r v a l s  
and a d d i t i o n a l l y  a f t e r  per iods o f  heavy r a i n f a l l .  Ana lys is  o f  herbage 
Cu c o nc e n t ra t io n  was c a r r ie d  ou t  and the  r e s u l t s  c o r re la te d  w i th  d a i l y  
r a i n f a l l  data .
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8 .3 .1  S ite  Description
Two neighbour ing 4 x 4 m areas o f  un i form, es tab l ished  sward w i th in  
the  West o f  Scotland Co l lege e s ta te .  Sixteen 1 x 1 m p l o t s  were 
marked out w i th in  each area, thus  c re a t in g  32 in d iv i d u a l  p l o t s .  Each 
p l o t  was then subdiv ided In to  qua r te rs  to  c rea te  fo u r  subp lo ts  (F igu re  
8 , 1 ) .  One 4 X 4 m area was used f o r  weekly herbage sampl ing and the  
o the r  kept f o r  sampl ing a f t e r  per iods o f  heavy r a i n f a l l .
8 .3 .2  F e r t i l is e r  A pplication
The Cu f e r t i l i s e r  was broadcast  a t  a ra te  o f  370 kg/ha t o  a l t e r n a te  
p lo ts ,  using the procedures descr ibed in sect ion 6 .3 .3  on 18 January 
1988. Thus 16 p l o t s  were t r e a te d  w i th  Ùu f e r t i l i s e r  and 16 re ta ined  
as c o n t r o l s  (F igu re  8 . 1 ) ,
8 .3 .3  Herbage Sampling and Analysis
The herbage was sampled im m e d ia te l y  a f t e r  a p p l i c a t i o n  o f  t h e  Cu 
f e r t i l i s e r  and a t  weekly i n t e r v a l s  t h e r e a f t e r  f o r  a t o t a l  o f  9 weeks. 
Four subp lo ts  from the  c o n t r o l  and Cu f e r t i l i s e r  t rea tm en ts  were c u t  
a t  random on each sampl ing day. In add i t ion  samples were c u t  on days 
f o l l o w in g  per iods o f  heavy o r  prolonged r a i n f a l l .  The herbage was c u t  
us ing stee l  shears.  The samples were then d r ie d ,  m i l l e d  and the Cu 
concen t ra t ion  o f  the  unwashed herbage determined (s ec t ion  3 .3 .4 )  as a 
measure o f  adherence.
8 . 3 .4  R a in fa ll Data
D a i l y  r a i n f a l l  data was obta ined from the West o f  Scotland Co l lege 
meteoro log ica l  s t a t i o n  which i s  s i t u a te d  w i th in  100 m o f  the  p l o t s .
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Figure 8.1
Plan o f experimental p lo ts fo r  the le a f  adherence t r i a l
A B A B
B A B A
A B A B
B A B A
Subdiv is ion o f  p l o t  
(repeated f o r  a l l  
16 p lo ts )
A = Control
8 = 370 kg/ha Cu f e r t i l i s e r  
Th is  layou t  was repeated two metres away on the same type o f  herbage
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8 .4  RESULTS AM) DISCUSSION
Figure 8,2 shows the  herbage Cu concen t ra t ion  o f  samples obta ined from 
both con t ro l  and Cu f e r t i l i s e r  p l o t s .  The Cu conce n t ra t io n  o f  the  
c o n t ro l  herbage remained c o n s i s t e n t l y  between 8 and 10 mg/kg f o r  the  
d u r a t i o n  o f  t h e  t r i a l .  The d i f f e r e n c e s  in  Cu c o n c e n t r a t i o n s  o f  
t h e  c o n t r o l  p l o t s  we re  presumed t o  be due t o  b i o l o g i c a l  and
e x p e r im e n ta l  v a r i a t i o n .  The herbage Cu c o n c e n t r a t i o n  o f  t h e  Cu
f e r t i l i s e r  p l o t s ,  which was used as a measure o f  adherence, showed 
t h a t  desp i te  i t s  ino rgan ic  and powdery phys ical  c h a r a c t e r i s t i c s  the Cu 
f e r t i l i s e r  can adhere to  f o l i a g e .
On a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r ,  the Cu c oncen t ra t ions  both in and 
on the  herbage rose from 8 mg/kg t o  nea r ly  2000 mg/kg. W i th in  7 days 
t h i s  f e l l  t o  250 mg/kg Cu, which im p l ies  t h a t  not  a l l  o f  the  Cu 
f e r t i l i s e r  was a c t u a l l y  adher ing t o  the  herbage, i t  was j u s t  a sur face 
coa t ing  which was q u i c k l y  washed o f f  by ra in  o r  f e l l  o f f  due t o  i t s
own w e ig h t .  A f t e r  f o u r t e e n  days ,  herbage Cu c o n c e n t r a t i o n s  had
dropped wel l  below 100 mg/kg and then cont inued t o  d e c l in e  more s low ly  
over  the  subsequent seven weeks. Thus a f t e r  fou r teen  days the wash 
o f f  appears to  be more g radua l .  The small b l i p  a t  day 32 co inc ides  
w i th  a ra ins torm which may have caused recontaminat ion  due t o  the  ra in  
sp lash ing Cu f e r t i l i s e r  back on to  the herbage. A f t e r  n ine weeks the 
Cu concen t ra t ion  o f  the  t re a te d  herbage was s t i l l  6 mg/kg h igher  than 
the  8 mg/kg Cu c once n t ra t io n  o f  the  c o n t ro l  herbage. As the  t r i a l  was 
c a r r i e d  out  in the w in te r  when the re  was l i t t l e  herbage growth,  uptake 
o f  t h i s  amount o f  Cu by the herbage was u n l i k e l y .  There fore  the 
gradual  dec l in e  in Cu c o nc e n t ra t io n  over the  l a s t  s i x  weeks suggests 
t h a t  the Cu f e r t i l i s e r  does adhere t o  f o l i a g e  and is  s lo w ly  washed o f f
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by ra1n or  blown o f f  in the wind.
D a i l y  r a i n f a l l  data are given in F igure 8 ,3 ,  No r e la t i o n s h ip  was 
found between Cu adherence and r a i n f a l l  data on e i t h e r  a d a i l y  or 
cummulat ive bas is .  However i t  i s  poss ib le  t h a t  i f  the t r i a l  was 
re p e a te d  s e v e r a l  t im e s  under  d i f f e r e n t  r a i n f a l l  reg imes o r  u s in g  
a r t i f i c i a l  systems some r e la t i o n s h ip  may become c l e a r .
Thus the  t r i a l  d id show t h a t  the  Cu f e r t i l i s e r  adhered t o  herbage and
was t h e r e fo re  a v a i l a b le  f o r  inges t ion  by grazing animals.  However, as 
th e re  i s  no apparent r e l a t i o n s h i p  between Cu f e r t i l i s e r  adherence and 
r a i n f a l l  in t h i s  t r i a l ,  an es t im ate  o f  how long animals should be kept
o f f  t r e a te d  ground a f t e r  a broadcast a p p l i c a t io n  o f  the Cu f e r t i l i s e r ,
based on r a i n f a l l ,  cannot be made from these r e s u l t s .  I t  i s  t h e r e fo re
proposed t h a t ,  s ince the g r e a te s t  amount o f  l e a f  adherence occurs in
t h e  f i r s t  week a f t e r  Cu f e r t i l i s e r  a p p l i c a t i o n  and t h i s  d e c l i n e s
r a p id l y ,  t o  below p o t e n t i a l l y  zoo tox ic  le v e ls  (Davies,  1980),  over  the 
next two weeks, a per iod o f  t h re e  weeks be al lowed between broadcast 
a p p l i c a t i o n  and the resumption o f  g raz ing .
8 .5  SUMMARY
8 .5 .1  The t r i a l  showed t h a t  t h e  copper  f e r t i l i s e r  can adhere  t o  
herbage and i s  t h e r e fo r e  a v a i la b le  f o r  in ges t ion  by g raz ing  
animals.
8 .5 .2  No r e l a t i o n s h i p  was dem ons t ra ted  between Cu f e r t i l i s e r
adherence and r a i n f a l l  l e v e l s .
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8.5 .3  I n i t i a l  high herbage Cu concen t ra t ions  due t o  coa t ing  w i th  the  
Cu f e r t i l i s e r  are q u i c k l y  reduced and i t  is  t h e re fo re  proposed 
t h a t  a t h r e e  week p e r i o d  be a l l o w e d  b e tw e en  b r o a d c a s t  
a p p l i c a t i o n  and the  resumption o f  graz ing by animals.
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CHAPTER 9 . INGESTION TRIAL
9 .1  INTRODUCTION
Resul ts  from the animal response t r i a l s  a t  both Garmore and Pinmacher 
farms have shown t h a t  the t rea tm en t  o f  an es tab l ished  sward w i th  the 
Cu f e r t i l i s e r  in c re a s e d  plasma Cu c o n c e n t r a t i o n s  in  g r a z i n g  ewes 
w i t h i n  a v e ry  s h o r t  p e r i o d  o f  t im e  a f t e r  i t s  a p p l i c a t i o n .  T h i s  
i n c r e a s e  c o u l d  n o t  be as a r e s u l t  o f  i n c r e a s e d  h e r b a g e  Cu 
c o n c e n t r a t i o n s  as t h e  Cu f e r t i l i s e r  was a p p l i e d  i n  t h e  l a t e  
autumn/winter months when the re  was l i t t l e  herbage growth and so the re  
was l i t t l e  p o s s i b i l i t y  o f  Cu u p ta k e  in s u f f i c i e n t  amounts by t h e  
herbage t o  cause t h e  r a p id  i n c re a s e s  in  plasma Cu c o n c e n t r a t i o n s  
recorded. There fo re ,  i t  has been proposed (sec t ion  5 .6 .6 )  t h a t  the  
i n i t i a l  increase in ewe plasma Cu concen t ra t ions  was due t o  in ges t ion  
o f  the Cu f e r t i l i s e r  by the  sheep. The le a f  adherence t r i a l  (Chapter 
8) and the herbage samples taken a t  Pinmacher (Chapter 7) demonstrated 
t h a t  the Cu f e r t i l i s e r  can adhere t o  herbage f o r  per iods o f  up t o  
twe lve  weeks. I t  i s  a lso probable t h a t  the Cu f e r t i l i s e r  was ingested 
along w i th  s o i l  du r ing  the w in t e r .  Healy e t  al (1974) suggested t h a t  
g raz ing sheep can i n v o l u n t a r i l y  inges t  up t o  300 g s o i l / k g  herbage
D .M . I .  when herbage cover i s  poor over  the w in te r  months.
I t  i s  l i k e l y  t h a t  the  g raz ing  sheep did ingest the  Cu f e r t i l i s e r ,  from 
both l e a f  adherence and mixed in the  t o p s o i l ,  p a r t i c u l a r l y  over  the 
f i r s t  w in te r  f o l l o w in g  i t s  a p p l i c a t i o n .  Th is  i s  though t  t o  p lay  an 
impor tant r o le  in the  i n i t i a l  r a i s i n g  o f  ewe plasma Cu c onc e n t ra t io ns ,  
e s p e c ia l l y  s ince the  Cu f e r t i l i s e r  becomes more so lub le  under a c i d i c  
c o n d i t i o n s  (C h a p te r  4) such as a re  found in  t h e  o v i n e  g a s t r o
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I n t e s t i n a l  t r a c t .  Thus a more d e ta i le d  study o f  the  Cu f e r t i l i s e r ’ s 
e f f e c t s  on the  animal was requ i red .
Animal copper in take  in excess o f  immediate requi rements is  stored in 
the l i v e r  (Underwood, 1977). Thus i t  i s  poss ib le  t h a t  a t  the t ime o f  
Cu f e r t i l i s e r  in ges t ion  a sub s ta n t ia l  amount o f  Cu was stored in the 
l i v e r ,  and c r i t i c a l  l e v e ls  o f  Cu in the l i v e r  and t i s s u e  damage could 
have occur red .  However, t h i s  was not monitored in e i t h e r  f i e l d  t r i a l  
except in the  second year a t  Garmore when the  death o f  e ig h t  ewes 
a l lo w e d  d e t e r m i n a t i o n  o f  l i v e r  Cu c o n c e n t r a t i o n s .  These showed 
s i g n i f i c a n t l y  h i g h e r  l i v e r  Cu c o n c e n t r a t i o n s  in  ewes from Cu 
f e r t i l i s e r  t r e a te d  pas ture .  These c oncen t ra t ions  were probably even 
h igher  in the  f i r s t  year o f  the t r i a l  and l i v e r  damage may have 
occurred w i th o u t  outward c l i n i c a l  symptoms. When l i v e r  s tores  reach a 
c r i t i c a l  le v e l  th e re  may be a sudden increase in blood plasma Cu 
c o n c e n t ra t io n s  o f  20 to  30 f o l d .  Haemolysis occurs 24 to  48 hours 
l a t e r  and u s u a l l y  r e s u l t s  in death.  Six t o  e i g h t  weeks before t h i s  
haemoly t ic  c r i s i s  th e re  is  a marked increase in  the  a c t i v i t y  o f  blood 
serum g lu ta m ic -o x a la c e t i c  t ransaminase (S.G.O.T.)  enzyme. S.G.O.T. i s  
a l i v e r  enzyme which i s  released when l i v e r  nec ros is  due t o  Cu load ing 
occurs and i t s  assay in blood has been shown t o  g ive  an e f f e c t i v e  
e a r l y  d i a g n o s i s  o f  c h r o n i c  Cu p o i s o n in g  in  sheep (MacPherson and 
Hemingway, 1969; Gracey e t  a l ,  1976). Thus by feed ing Cu f e r t i l i s e r  
t o  sheep and measuring S.G.O.T. c onc e n t ra t io ns ,  the  development o f  
e leva ted l i v e r  Cu concen t ra t ions  and the r i s k  o f  Cu t o x i c i t y  should be 
mon i t o r e d .
Of t h e  heavy m e ta ls  p r e s e n t  in  t h e  Cu f e r t i l i s e r  Pb and Cd are  
probably  the  most l i k e l y  t o  cause concern as they  may be zoo tox ic  a t
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low concen t ra t ions .  Thus, t h i s  t r i a l  w i l l  a lso o f f e r  the  o p p o r tu n i t y  
f o r  mon ito r ing  blood Pb and Cd concen t ra t ions  t o  see i f  t h e i r  presence 
in the  f e r t i l i s e r  when i t  i s  ingested would r e s u l t  in elevated blood 
c oncen t ra t ions ,  t o  the  pos s ib le  de t r im en t  o f  the an imal.
9-2  OBJECTIVE
The o b je c t i v e s  o f  t h i s  t r i a l  were:
(a) To determine i f  inges t ion  o f  the Cu f e r t i l i s e r  alone by sheep 
would r e s u l t  in  in c re a s e d  plasma Cu c o n c e n t r a t i o n s  and t h u s  
con f i rm  the in ges t ion  hypothes is  above (sec t ion  5 . 6 . 6 ) .
(b) To look f o r  any d e le te r io u s  e f f e c t s  r e s u l t i n g  from in g e s t io n  o f  
the  Cu f e r t i l i s e r .  In p a r t i c u l a r  t o  monitor l i v e r  f u n c t io n  and
any e leva t ion s  in blood Cu, Pb and Cd c oncen t ra t ions .
9.3 EXPERIMENTAL
An es t im a t ion  o f  the d a i l y  in take  o f  the Cu f e r t i l i s e r  by ewes on the  
Garmore t r i a l  and was made in con junc t ion  w i th  r e s u l t s  ob ta ined from
the  l e a f  adherence t r i a l  ( s e c t io n  9 . 3 . 1 ) .  Sixteen housed hoggs were
then dosed d a i l y  w i th  the  Cu f e r t i l i s e r  over a ten week pe r io d .  Ten 
weeks be ing  th e  t im e  i n t e r v a l  o v e r  which t h e  i n i t i a l  i n c r e a s e  in  
plasma Cu conce n t ra t io ns  occur red in the grazing t r i a l .  The t r i a l  was 
monitored by weekly blood sampling and 1 iveweight measurement.
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9 .3 .1  Estim ation o f the D a ily  In take  o f the  Cu F e r t i l is e r
At Garmore 30 ewes grazed an area o f  4 ha which g ives a s tock ing  ra te  
o f  1 ewe per 0.13 ha (7.5 ewes/ha).
Using an a p p l i c a t i o n  ra te  o f  370 kg /ha ,  each 0.13 ha area was covered 
by 49.3 kg Cu f e r t i l i s e r .
Assuming each ewe grazes one 0,13 ha on ly  i t  has access t o  49.3 kg Cu 
f e r t i 1 i s e r .
The l e a f  adherence t r i a l  sugges ts  t h a t  o v e r  t h e  f i r s t  te n  weeks 
approx imate ly  5% o f  t h i s  i s  a v a i la b le  t o  the  sheep, i . e .  2.46 kg.
Assuming 10% o f  t h i s  is  consumed by the  sheep over  a ten week per iod ,  
th e  average d a i l y  in take  is  3.51 g/day or  4.92 g/day using a f i v e  day 
week. Dosage ra tes  were then chosen t o  span t h i s  va lue .
9 .3 .2  Treatments
Sixteen housed hoggs were d iv ided i n to  f o u r  equal groups and tagged 
f o r  i d e n t i f i c a t i o n .  They were then  dosed o r a l l y  w i t h  t h e  copper  
f e r t i l i s e r  once per day, f i v e  days a week, a t  the  f o l l o w in g  ra tes :
Group 1 0 g Cu f e r t i l i s e r / d a y  (0 g Cu/day) .
Group 2 1 g Cu f e r t i l i s e r / d a y  (0.02 g Cu/day).
Group 3 5 g Cu f e r t i l i s e r / d a y  (0.1 g Cu/day).
Group 4 10 g Cu f e r t i l i s e r / d a y  (0 .2  g Cu/day).
The Cu f e r t i l i s e r  was suspended in  50 ml d i s t i l l e d  w a te r  and 
admin is tered by means o f  a p l a s t i c  dosing b o t t l e  which was emptied by 
p lac in g  i t  over  the  sheeps tongue and a l lo w in g  the  contents  t o  run out
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down the  oesophagus.
9 .3 .3  Blood Sampling and Analysis
Blood samples were taken from the 16 hoggs on the day be fore  dosing 
began and a t  weekly i n t e r v a l s  t h e r e a f t e r .
The blood was analysed f o r  the f o l l o w in g  parameters:
(a) Weekly -  plasma Cu (sec t ion  3 .4 .2 )
haemoglobin (sec t ion  3 . 4 . 4 ) .
(b) F o r t n i g h t l y  -  lead (s ec t ion  3 .4 .5 )
groups 1 and 4 o n ly ,
S.G.O.T. (sec t ion  3 .4 .8 )
A f t e r  ten weeks an e x t ra  sample was obtained from groups one and fou r  
and analysed f o r  t o t a l  Cd c o n c e n t ra t io n * .
9 .3 .4  Liveweight
A l l  s ix teen  hoggs were weighed weekly.
9 .3 .5  D ie t
The hoggs were each fed 200 g f laked  maize per day and ad l i b  urea 
t re a te d  hay.
*A na lys is  was by f lame less  io n i s a t i o n  atomic absorp t ion  spectroscopy 
and was conducted by Dr. G. S. F e l l ,  Department o f  Patho logy,  The 
Royal I n f i r m a r y ,  Glasgow.
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9 .4  RESULTS Af® DISCUSSION
The plasma Cu c onc e n t ra t io ns  f o r  a l l  fo u r  groups over  the  ten week 
t r i a l  p e r i o d  a re  shown in  T a b le  9 .1  and p res en ted  g r a p h i c a l l y  in  
F igu re  9 .1 .  At  no t im e d id  any o f  the  animals have a plasma Cu 
c o n c e n t ra t io n  below the d e f i c i e n c y  th re s h o ld .  However, t h e i r  blood Cu 
conc e n t ra t io n s  were a t  the  lower end range, o f  9 .4  t o  18.9 ^mo l/1  
(Grace, 1983), on day 1 and so the re  was s t i l l  the  p o s s i b i l i t y  o f  
o b ta in in g  inc reases .
The r e s u l t s  f o r  t h e  1 and 5 g /d a y  t r e a t m e n t  show no s i g n i f i c a n t  
increase in plasma Cu conce n t ra t io ns  a t  any t ime dur ing  the ten week 
p e r i o d  compared t o  t h e  0 g /d a y  t r e a t m e n t .  The mean plasma Cu 
conce n t ra t io n  o f  the  hoggs dosed w i th  10 g Cu f e r t i l i s e r  per day shows 
a gradual  r i s e  from 12,29 ^mo l/1  in  week 0 to  17,02 j jmol /1 in week 8 
a f t e r  which i t  l e v e ls  ou t  and ends the t r i a l  a t  16.98 ^ m o l / 1 .  At  t h i s  
p la teau stage the  e x t ra  Cu in take  was probably  stored in the l i v e r .  
A l though the  10 g/day t rea tm en t  shows an immediate increase in plasma 
Cu c o nc e n t ra t io n  i t  i s  not  u n t i l  the end o f  week th ree  t h a t  i t  i s  
s i g n i f i c a n t l y  h igher  (p<0.05) than the c o n t ro l  group. By weeks seven 
and nine  t h i s  d i f f e r e n c e  was increased t o  even g re a te r  s i g n i f i c a n c e  a t  
p<0.01 and p<0.001 r e s p e c t i v e l y .  There fore  d i r e c t  in ges t ion  o f  the  Cu 
f e r t i l i s e r  a t  l e v e ls  o f  10 g/day or  more w i l l  s i g n i f i c a n t l y  increase 
plasma Cu c o n c e n t ra t io n s .
A l though the  10 g/day t rea tm en t  is  tw ice  the est imated d a i l y  in take  o f  
the  sheep in the  Garmore f i e l d  t r i a l  i t  i s  a r e l a t i v e l y  crude es t im ate  
o f  the d a i l y  Cu f e r t i l i s e r  in ta k e .  However, i f  the  es t imate is  c lose  
t o  the  ac tua l  le v e l  o f  in take  then a poss ib le  reason f o r  the lower
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dosing ra tes  having no e f f e c t  i s  t h a t  the es t imated 5 g/day in take  
would occur over  a whole day in the f i e l d  s i t u a t i o n ,  whereas in the
housed s i t u a t i o n  i t  was given in one dose and i t  i s  poss ib le  t h a t  a
la rge  p ropo r t ion  o f  t h i s  was q u ic k l y  excreted by the  animal.  No 
f a e c a l  samples were c o l l e c t e d  t o  s u b s t a n t i a t e  t h i s  t h e o r y .  In  
a d d i t i o n ,  in the  f i e l d  the  Cu f e r t i l i s e r  ingested would be mixed w i th  
s o i l  and /or herbage as opposed to  on i t s  own in the  housed s i t u a t i o n  
and t h i s  may in f l u e n c e  the  ra te  o f  Cu re lease o r  adsorp t ion in the  
gu t .
T a b le s  9 .2  and 9 .3  show t h a t  t h e  presence o f  Pb o r  Cd in  t h e
f e r t i l i s e r  had no p o t e n t i a l l y  t o x i c  e f f e c t  as none o f  t h e  b lood  
samples analysed conta ined s i g n i f i c a n t  amounts o f  e i t h e r  Pb o r  Cd.
There  were no d e l e t e r i o u s  e f f e c t s  on th e  l i v e r ,  as m o n i to re d  by 
S.G.O.T. c onc e n t ra t io ns  in groups 1 and 4 (Table 9 . 2 ) ,  dur ing the ten 
week t r i a l  pe r iod  due t o  the increased Cu in take .  Thus n e i th e r  Cu nor 
any o the r  element in the Cu f e r t i l i s e r  were s to red in the l i v e r  a t  
l e v e ls  l i k e l y  t o  cause l i v e r  necros is  o r  t o x i c i t y .
There  were no s i g n i f i c a n t  d i f f e r e n c e s  in  e i t h e r  l i v e w e i g h t  o r  
haemoglobin c o nc e n t ra t io n  between t reatments  th roughout  the t r i a l  
(Table 9 . 4 ) .  However as the re  was no actual  Cu d e f i c i e n c y  o r  t o x i c i t y  
problem and no t o x i c i t y  due to  e i t h e r  Pb o r  Cd, any d i f f e re n c e s  in 
haemoglobin co n c e n t ra t io n  or  l i v e w e ig h t  among the  groups would not 
have been expected.
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Table 9.3
Ingestion  t r i a l  mean whole blood Cd concentrations  
fo r  groups 2 and 4 a t week 10
Treatment Whole blood Cd (nm ol/1)
0 g/day (group 1) 1
10 g/day (group 2) 1
Table 9 .4
Ingestion t r i a l  mean livew eight and haemoglobin concentration
a t each sampling date
Week o f sampling Mean livew eight (kg) Mean haemoglobin (g /100 ml)
(n=16) (n=16)
0 35.1 9.64
1 35.9 10.21
2 36.5 13.84
3 36.8 11.97
4 36.6 9.27
5 36.9 9.59
6 36,9 9.63
7 37.0 10.11
8 36.6 10.41
9 37.0 9.69
10 37.2 9.73
S.E.D. = 1.23 S.E.D, =
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9.5  SUMMARY
9 .5 .1  Inges t ion  o f  Cu f e r t i l i s e r  by sheep can increase plasma Cu 
c o n c e n t r a t i o n s .  An i n t a k e  o f  10 g C u / f e r t i l i s e r  p e r  day 
increased mean plasma Cu c o n c e n t ra t io n  from 12.3 j jmol/1 t o  16.6
^ m o l /1  w i t h in  f i v e  weeks and maintained i t  a t ,  or  j u s t  above 
t h i s  l e v e l  u n t i l  the  end o f  th e  t r i a l .
9 .5 .2  The increase in plasma Cu c o n c e n t ra t io n s  was not accompanied by 
increases in whole blood Pb o r  Cd conce n t ra t io ns .
9 .5 .3  Inges t ion  o f  the Cu f e r t i l i s e r  a t  ra tes  o f  up t o  10 g/day f o r  a 
ten week per iod had no d e le t e r i o u s  e f f e c t  on the sheeps l i v e r ,  
as monitored by S.G.O.T. c o n c e n t ra t io n s ,  in t h i s  t r i a l .
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CHAPTER 10. GLASSHOUSE POT TRIAL 1
10.1 INTRODUCTION
When the  two f i e l d  t r i a l s  a t  Garmore were i n i t i a t e d  in 1985 there  were 
no pub l ished r e s u l t s  on the e f f e c t s  o f  d i f f e r e n t  ra tes  and methods o f  
a p p l i c a t i o n  o f  t h e  Cu f e r t i l i s e r  on herbage Cu c o n c e n t r a t i o n s .  
Glasshouse pot t r i a l s  gave a quick tu rn ove r  o f  r e s u l t s  as wel l  as 
a l l o w i n g  g r e a t e r  r e p l i c a t i o n  o f  t r e a t m e n t s  and more c o n t r o l  o v e r  
growing c o n d i t io n s  than is  poss ib le  in f i e l d  t r i a l s .  In March 1986, 
t h e r e fo r e ,  a pot t r i a l  was i n i t i a t e d  to  determine i f  the  Cu f e r t i l i s e r  
a p p l i c a t i o n  ra tes  used in the f i e l d  t r i a l s  were l i k e l y  t o  Increase
herbage Cu conce n t ra t io ns .
Broadcast a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r  does not a l low immediate 
a v a i l a b i l i t y  o f  Cu t o  p l a n t  r o o t s  as t h e  Cu i s  w a te r  i n s o l u b l e  
(Chapter 4) and th e r e fo re  not r e a d i l y  leached in to  the s o i l .  Hence 
d i f f e r e n t  methods o f  a p p l i c a t i o n  o f  t h e  Cu f e r t i l i s e r  and t h e i r  
e f f e c t s  on herbage Cu concen t ra t ions  were a lso s tud ie d .  Quicker and 
more e f f i c i e n t  uptake o f  Cu from the  f e r t i l i s e r  i s  l i k e l y  i f  i t  i s  
incorporated i n to  the  roo t ing  zone. Th is  method o f  a p p l i c a t io n  may be 
p a r t i c u l a r l y  impor tant  as Cu d e f i c i e n c y  in l i v e s to c k  o f ten  occurs 
a f t e r  reseeding s o i l s  o f  low o r  marginal Cu concen t ra t ion  when the  
in c re a s e d  herbage p r o d u c t i o n  dep re sses  herbage Cu c o n c e n t r a t i o n s  
through a d i l u t i o n  e f f e c t  (sec t ion  2 , 3 , 3 ) .
Herbage Zn, Fe, Pb, Cd, C r ,  Mn and Ni c o n c e n t r a t i o n s  were a l s o
monitored t o  see i f  t h e i r  presence in the  Cu f e r t i l i s e r  resu l ted  in
zoo tox ic  herbage conce n t ra t io ns .  As s o i l  pH markedly a f f e c t s  the
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a v a i l a b i l i t y  o f  t r a c e  elements (Lucas and Knezek, 1972) the  above 
ra tes  and methods o f  a p p l i c a t i o n  were app l ied t o  a range o f  pHs, which 
were t y p i c a l  o f  those In S c o t t i s h  s o i l s .
10.2 EXPERIMENTAL
10 .2 .1  Son  f o r  Pot T r i a l
A Cu-def1c1ent,  sandy loam s o i l  was c o l le c te d  from the  Kirkbean area 
on the  Solway F i r t h  coast  (O.S. map re ference NX953560). Samples were 
ob ta ined from the  B hor izon o f  the  s o i l  p r o f i l e ,  t o  minimise th e  
amount o f  o rgan ic  matte r  presen t which reduces Cu uptake by p l a n t s .  
The s o i l  has a low E .D .T .A . -e x t r a c ta b le  Cu c o nce n t ra t io n  ( s e c t io n  
3 ,2 .8 )  o f  1.25 mg/kg (Table 1 0 .1 ) .  So i l  ana lys is  was a lso  c a r r i e d  ou t  
t o  determine:
(a) A v a i la b le  P and K ( s e c t io n  3 .2 .7 )  so t h a t  necessary f e r t i l i s e r  
t rea tments  could be c a l c u la te d .
(b) pH and l ime requirements ( s e c t io n  3 .2 .4  and 5) so t h a t  s o i l  pH 
could be ad jus ted .
(c )  Percentage loss  on I g n i t i o n  ( s e c t io n  3 .2 .6 )  t o  ensure t h a t  t h i s  
was not high and thus  a f f e c t  the  a v a i l a b i l i t y  o f  any added Cu 
( sec t ion  2 . 2 , 6 ) .
The r e s u l t s  are l i s t e d  In Table 10.1.
M o is t  s o i l  was used a f t e r  being passed through a 5 mm s ieve  t o  remove 
any la rge  stones and break up any aggregates.
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Table 10.1
Analysis of pot t r i a l  so il
% loss  on i g n i t i o n  5 .4
pH 5.3
Lime requirement 3.6
A v a i la b le  P (mg/1) 102
A v a i la b le  K (mg/1) 166
E.D.T.A. e x t ra c ta b le  Cu (mg/kg) 1.25
10 .2 .2  Exper imental  Treatments
(a) Method o f  Cu f e r t i l i s e r  a p p l i c a t i o n :
(1) Broadcast.
(11) Deep s o i l  In co rpo ra t ion .
( I l l )  Seed bed Inco rp o ra t io n .
(b) A p p l i c a t io n  ra te  (kg /ha ) :
( 1 ) 0 .
(11) 370.
(111) 740.
(c )  So i l  pH:
(1) 5 .5 ,
( 11) 6 .0 .
(111) 6 .5 .
These methods o f  a p p l i c a t i o n  were chosen t o  s im u l a t e  s u r f a c e  
a p p l i c a t i o n  t o  an es tab l ished  sward. In c o rp o ra t io n  In to  the  plough
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l a y e r  a t  reseeding and In c o rpo ra t ion  In to  the  top 2 cm o f  s o i l  In a 
minimum c u l t i v a t i o n  system r e s p e c t i v e l y .
The a p p l i c a t i o n  ra tes  represented a c o n t ro l  w i th  no added Cu, and two 
a p p l i c a t i o n  ra tes  as used In the  Garmore herbage t r i a l .
The th re e  s o i l  pHs se lec ted f o r  study here are t y p i c a l  o f  those found 
1n S c o t t i s h  mineral  s o i l s .
Each o f  the t rea tments  was r e p l i c a te d  fo u r  t imes g iv in g  a t o t a l  o f  108 
pots  arranged In a randomised block design on glasshouse benches.
1 0 .2 .3  Preparation and Ryegrass Seeding
F o u r - l i t r e  polythene pots were f i l l e d  w i th  3 kg o f  s o i l  which had been 
l imed t o  the des ired pH w i th  ca lc ium hydrox ide,  and f e r t i l i s e d  w i th  
ammonium n i t r a t e ,  po tass ium  n i t r a t e  and t r i p l e  supe rphospha te  as 
recommended by the S c o t t i s h  A g r i c u l t u r a l  Col leges (1985) f o r  grass 
es tab l Ishm en t .
For deep s o l l - i n c o r p o r a t l o n  o f  the  Cu f e r t i l i s e r ,  the  app ro p r ia te  
a p p l i c a t i o n  ra te  was mixed th roughout  the 15 cm depth o f  s o i l .  To 
s im u la te  seedbed In c o rp o ra t io n ,  the  top  2 cm o f  s o i l  In each pot was 
removed, mixed w i th  the  Cu f e r t i l i s e r  and returned t o  the po t .  For 
th e  broadcast a p p l i c a t i o n ,  the  Cu f e r t i l i s e r  was sur face app l ied  a f t e r  
th e  pots had been sown w i th  ryegrass.
Each pot  was then t r a n s fe r r e d  from the  la bo ra to ry  t o  the glasshouse. 
The mois ture  con ten t  o f  the  s o i l  was kept  constant  by s tand ing the  
pots  on a 10 cm deep c a p i l l a r y  bed o f  mo is t  p e r l i t e .
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The pots were sown w i th  two grams o f  S p r in g f ie ld  perennia l  ryegrass on
6 March 1986, Deionised water and l i q u i d  feed ( s e c t io n  3 .5 .3 )  were
app l ied  when requ i red .
1 0 .2 .4  Grass Cutting and Analysis
Cuts were taken from the pots a f t e r  72 and 149 days (on 17 May 1986 
and 2 September 1986).  To prevent  any s o i l  contaminat ion the  grass 
was c u t  2 cm above the s o i l  sur face o f  each pot using s tee l  shears.  
The f r e s h  w e ig h t  y i e l d  o f  g ras s  was de te rm ined  and t h e  samples 
r e t a i n e d  f o r  d r y  m a t t e r  and t r a c e  e l e m e n t  a n a l y s i s .  A f t e r  
de te rm ina t ion  o f  the dry matte r  y i e l d  o f  the grass from each po t ,  a
subsample was taken and analysed f o r  t o t a l  Cu, Zn, Fe, Pb, Cd, Cr,  Mn
and N1 (sec t ion  3 . 3 . 4 ) .
1 0 .2 .5  Son pH
At  the  end o f  the  pot t r i a l  25 s o i l  samples were taken a t  random from 
the  t o t a l  o f  108 pots and the s o i l  pH determined t o  see I f  I t  had
changed over the  du ra t ion  o f  the  t r i a l .  There was no s i g n i f i c a n t
change In s o i l  pH over the t r i a l  pe r iod .
10-3 RESULTS AW DISCUSSION
1 0 .3 .1  Germination and Y ie lds
G e rm in a t io n  o f  r y e g ra s s  seed was no t  p reven ted  by any o f  t h e
t rea tm en ts .  Mean grass y ie ld s  f o r  both f i r s t  and second cu ts  are
given In Table 10.2.  There were no s i g n i f i c a n t  d i f f e re n c e s  In grass 
y ie ld s  among the t rea tment  groups a t  e i t h e r  c u t .  Thus Cu f e r t i l i s e r  
a p p l i c a t i o n  had no p o s i t i v e  o r  d e le te r io u s  e f f e c t s  on grass growth.
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Desp ite  growing In s o i l  o f  low a v a i la b le  Cu concen t ra t ion ,  no grass 
sample (Table 10.4) was found to  be Cu -de f ic1en t ,  i . e .  con ta in ing  less  
than 4 mg Cu/kg ( M . I .S .R . ,  1985). Consequent ly,  Cu was not a growth 
l i m i t i n g  element and so y i e l d  d i f f e re n c e s  would not be expected.
Table 10.2
Mean grass y ie ld s  f rom herbage po t  t r i a l  cu ts  1 and 2
Cut 1 S.E.D. Cut 2 S.E.D.
Fresh weight (g) 205 -  193
Dry matte r  (g /kg) 103 -  102
Dry mat te r  y ie ld  (g) 21.3 0.81 19.7 1.27
Table 10.3
Mean t ra c e  element conc e n t ra t io n s  o f  grass cu ts  1 and 2 
Concent ra t ion  in  grass (mg/kg)
Element Cut 1 S.E.D. Cut 2 S.E.D.
Cu 16.7 0.86 10.2 1.08
Zn 80.6 7.62 78.8 9.66
Fe 172.1 23.34 146.4 28.6
Pb 0.90 0.11 0.78 0.24
Cd 0.08 0.01 0.06 0.01
Cr <0.01 - <0.01 -
Mn 308.5 48.2 292.1 57.6
N1 1.0 0.25 1.06 0.19
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10 .3 .2  Cut I f  Trace Element Concentration
T a b le  10 .3  shows t h e  mean Cu, Zn, Pb, Cd, N i ,  Fe, Cr and Mn 
c once n t ra t io ns  o f  the  grass in c u t  1. There were no s i g n i f i c a n t  
d i f f e r e n c e s  In concen t ra t ions  among the d i f f e r e n t  t rea tm en ts .  Thus, 
a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r  by any o f  the th re e  methods had no 
e f f e c t  on the  t r a c e  element concen t ra t ion  o f  the  grass In the f i r s t  
s i x t y  days a f t e r  sowing.
T h i s  may have been due t o  t h e  r o o t s  no t  ha v in g  been w e l l - e n o u g h  
d i s t r i b u t e d  t h r o u g h o u t  t h e  po t  t o  have had access t o  a l l  t h e  Cu 
f e r t i l i s e r  added and as such would have had t o  o b t a i n  t h e i r  Cu 
requi rements d i r e c t l y  from the small amount a v a i l a b le  In the  ad jacent  
s o i l .  A l t e r n a t i v e l y ,  t h e r e  may no t  have been a s u f f i c i e n t  t im e  
I n te r v a l  between seeding o f  the grass and the  f i r s t  c u t  f o r  the  Cu 
f e r t i l i s e r  t o  re lease enough Cu to  have had a s i g n i f i c a n t  e f f e c t  on 
the  s ize  o f  the  p l a n t - a v a i l a b l e  Cu pool In the  s o i l .
1 0 .3 .3  Cut 2 ,  Copper Concentration
The grass Cu c o nce n t ra t io n  f o r  each t rea tm en t  In the  second c u t  Is  
given In Table 10.4 and presented g r a p h i c a l l y  In F igure  10.1.  The 
r e s u l t s  show t h a t  Increas ing ra tes  o f  Cu f e r t i l i s e r  a p p l i c a t i o n  led t o  
s i g n i f i c a n t  Increases (p<0.001) In the Cu c o nc e n t ra t io n  o f  the grass.  
The 370 kg/ha ra te  gave an average r i s e  In the  Cu concen t ra t ion  o f  
2.75 mg/kg and the  740 kg/ha a 3.95 mg/kg r i s e .  Of the  ex t ra  Cu taken 
up by the g rass,  these Increases represent  0.22% and 0.15% o f  the 
added Cu from the  370 kg/ha and 740 kg/ha t rea tm en ts  r e s p e c t i v e l y .
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The r e s u l t s  a l s o  showed t h a t  l o w e r i n g  s o i l  pH r a i s e d  t h e  Cu 
c o n c e n t ra t io n  in the grass w i th  the  e f f e c t  being h ig h l y  s i g n i f i c a n t  
(p<0 .001) .  Th is  e f f e c t  was probably  due t o  the e f f e c t s  o f  pH on the  
s o l u b i l i t y  o f  Cu from the f e r t i l i s e r  r a th e r  than on the  a v a i l a b i l i t y  
o f  Cu from the  s o i l  which is  though t  t o  be l i t t l e  a f fe c ted  by s o i l  pH 
(s e c t io n  2 . 2 . 6 ) .
T h e r e  w e r e ,  h o w e v e r ,  no s i g n i f i c a n t  d i f f e r e n c e s  i n  g r a s s  Cu 
c o n c e n t ra t io n s  due t o  the  d i f f e r e n t  a p p l i c a t i o n  methods. Th is  may be 
because the  grasses were w e l l - r o o te d  and the roots  had access t o  a l l  
th e  Cu f e r t i l i s e r  in the  conf ined space o f  the po t .  Thus, regard less 
o f  how the  Cu f e r t i l i s e r  was app l ied  any Cu released could be taken up 
by t h e  g r a s s .  T h e r e f o r e ,  t h e  r a t e  r a t h e r  than  t h e  method o f  
a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r  was l i k e l y  t o  play  the  more impor tant  
r o l e .
1 0 .3 ,4  Cut 2 , Zn Concentration
The grass Zn concen t ra to rs  f o r  each t rea tment  a t  the  second c u t  are 
given in Table 10.5 and in F igure  10.2 ,  These show t h a t  Zn fo l lowed a 
s i m i l a r  p a t te rn  t o  Cu, inc reas ing  the a p p l i c a t i o n  ra te  and lower ing 
t h e  s o i l  pH gave  s i g n i f i c a n t  i n c r e a s e s  ( p < 0 . 0 0 1 )  i n  t h e  Zn 
c o n c e n t r a t i o n  o f  t h e  g r a s s .  A g a in ,  t h e r e  were no s i g n i f i c a n t  
d i f f e r e n c e s  in  g rass  Zn c o n c e n t r a t i o n s  as a r e s u l t  o f  d i f f e r e n t  
a p p l i c a t i o n  methods. As the  same p la n t  processes are thought  t o  be 
invo lved  in both Cu and Zn uptake (Bowen, 1981) the  d iscuss ion  in
10.3 .3  app l ies  t o  Zn as we l l  as Cu.
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1 0 .3 .5  Cut 2» Fe# Pb# Cd# Cr# Mn and N1 Herbage Concentrations
Table 10.3 g ives  the  mean Fe, Pb, Cd, Cr,  Mn and Ni concen t ra t ions  o f  
the  grass f rom c u t  2. A p p l i c a t io n  o f  the  Cu f e r t i l i s e r  did not  
e le v a te  the  concen t ra t ion  o f  these elements above the  concen t ra t ion  
found in  t h e  c o n t r o l s .  There were no s i g n i f i c a n t  d i f f e r e n c e s  in  
herbage c once n t ra t io ns  among the d i f f e r e n t  t rea tm en ts ,  which were we l l  
below p h y to to x ic  o r  zootox ic  le v e ls  (Table 6 . 7 ) .  I t  can th e re fo re  be 
assumed t h a t  the  Cu f e r t i l i s e r  t rea tments  posed no t o x i c i t y  problems 
in t h i s  t r i a l .  As in the herbage f i e l d  t r i a l  any poss ib le  uptake o f  
these elements was probably reduced by the c o m p e t i t i v e  uptake o f  the 
much la r g e r  concen t ra t ions  o f  Cu and Zn present in the  f e r t i l i s e r .  In 
a d d i t i o n ,  as approx imate ly  on ly  0.25% o f  the  added Cu was removed in  
the  second c u t  and assuming s im i l a r  rates o f  uptake by the p la n t ,  any 
increases in Pb, Cd, Cr,  Mn or Ni concen t ra t ions  would be n e g l i g i b l e .
1 0 .3 .6  General Discussion
Th is  exper iment  showed t h a t  a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r  caused 
s i g n i f i c a n t  i n c re a s e s  in  g rass  Cu and Zn c o n c e n t r a t i o n s .  These 
increases were not accompanied by increased Fe, Pb, Cd, Cr,  Mn and Ni 
c o n c e n t ra t io n s .  The re s u l t s  are comparable t o  those obtained w i th  
mixed herbage in the  f i e l d  t r i a l  a t  Garmore (Chapter 6) and show t h a t  
a p p l i c a t i o n  o f  t h i s  Cu f e r t i l i s e r  is  a method o f  inc reas ing  herbage Cu 
c o n c e n t ra t io n s .
The average 4 mg/kg increase in the ryegrass Cu concen t ra t ion  obtained 
in t h i s  pot exper iment i s  much la rg e r  than t h a t  obta ined by several  
o th e r  workers using CuSO^ in the f i e l d  s i t u a t i o n  where increases o f  
o n l y  1-2  mg/kg were recorded  u s in g  s i m i l a r  Cu a p p l i c a t i o n  r a t e s
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(R e i th ,  1983; Burr tdge e t a l ,  1983; Rei th e t a l ,  1984).  However, the  
r e s u l t s  are comparable t o  those from a pot t r i a l  by McGrath e t  al
(1982a) who demonstrated t h a t  CuSO^ (6 kg Cu/ha) can g ive  4 mg/kg
increases in grass Cu c o n c e n t ra t io n s .  There fore ,  the  new f e r t i l i s e r
was shown t o  be equ a l l y  as e f f e c t i v e  as CuSO^ in inc reas ing  grass Cu
concen t ra t ions  when used in po ts .
Al though Zn d e f i c ie n c y  in crops o r  animals is  rare in Great B r i t a i n ,  
the  increased Zn c oncen t ra t ions  obta ined using t h i s  f e r t i l i s e r  were 
s i g n i f i c a n t  and may p rove  u s e f u l  in  o t h e r  a reas  o f  t h e  w o r ld
e s p e c i a l l y  South Amer ica  and A f r i c a  where combined Cu and Zn
d e f i c i e n c i e s  are common (McDowell,  p r i v a t e  communication).
The d i f f e r e n t  methods o f  Cu f e r t i l i s e r  a p p l i c a t io n  used in t h i s  t r i a l  
had no s i g n i f i c a n t  e f f e c t s  on grass Cu concen t ra t ions .
However, any e f f e c t s  due to  the  d i f f e r e n t  a p p l i c a t io n  methods may have 
been l im i te d  by the conf ined volume o f  the pots.  Thus, a f i e l d - s c a l e  
t r i a l  in which roo ts  have access t o  a much g rea te r  volume o f  s o i l  i s
necessary to  determine i f  the  method o f  a p p l i c a t io n  would a f f e c t  the
r a t e  o f  Cu up take  by t h e  p l a n t  f o l l o w i n g  a p p l i c a t i o n  o f  t h e  Cu 
f e r t i 1i s e r .
10.4 SUWARY
10.4,1  A p p l i c a t io n  o f  the  Cu f e r t i l i s e r  a t  rates o f  up t o  740 kg /ha 
had no b e n e f i c i a l  o r  d e l e t e r i o u s  e f f e c t s  on r y e g r a s s  
germinat ion o r  y i e l d s .
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10.4 .2  A p p l i c a t io n  o f  the  Cu f e r t i l i s e r  increased grass Cu and Zn 
c o n c e n t r a t i o n s .  I n c r e a s in g  a p p l i c a t i o n  r a te s  produced 
s i g n i f i c a n t  increases in herbage Cu and Zn concen t ra t ions .
10.4 .3  Lower ing  t h e  s o i l  pH r e s u l t e d  in  s i g n i f i c a n t  i n c re a s e s  in  
r y e g r a s s  Cn and Zn c o n c e n t r a t i o n s  when g rown in  s o i l  
supplemented w i th  the  Cu f e r t i l i s e r .
10 .4 .4  T h e r e  w e re  no s i g n i f i c a n t  d i f f e r e n c e s  in  r y e g r a s s  Cu 
c o n c e n t r a t i o n s  due t o  th e  d i f f e r e n t  a p p l i c a t i o n  methods 
employed.
10.4 .5  The increase in grass Cu concen t ra t ions  obtained were s im i l a r  
t o  those ob ta ined by some o the r  workers using CuSO^.
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CHAPTER 11. GLASSHOUSE POT TRIAL 2
11.1 INTRODUCTION
In  o rde r  t o  look in more d e t a i l  a t  s o i l  f a c to r s  which might in f luence  
the  p la n t  a v a i l a b i l i t y  o f  Cu from Cu f e r t i l i s e r  supplemented s o i l ,  a 
second pot t r i a l  was conducted using ryegrass as the  Cu e x t r a c ta n t ,  
because no chemical s o i l  Cu e x t ra c ta n t  has been found s u i t a b le  f o r  use 
in assessing p la n t  a v a i l a b le  Cu in the  s o i l  when the  Cu f e r t i l i s e r  is  
p resent  (Chapter 4) which meant t h a t  s o i l  incubat ion experiments were 
not f e a s ib le .
Probably  the p r in c ip a l  f a c t o r  which a f f e c t s  Cu a v a i l a b i l i t y  in s o i l  i s  
i t s  o rgan ic  matte r  con ten t  ( s e c t io n s  2 .1 .2  and 2 . 1 . 6 ) .  In general the 
more organ ic  mat ter a s o i l  con ta ins  the less  a v a i la b le  Cu i s  t o  the 
p la n t  and the more q u i c k l y  any added Cu is  adsorbed by the  s o i l  and 
rendered p la n t  una va i lab le .  The drainage s ta tus  o f  the  s o i l  a lso 
a f f e c t s  Cu a v a i l a b i l i t y ,  the  conce n t ra t io n  o f  p la n t  a v a i l a b le  Cu in a 
s o i l  i s  u s u a l l y  h i g h e r  in  p o o r l y  d r a in e d  s o i l s  ( s e c t i o n  2 . 2 . 5 ) .  
D ra in a g e  c o n d i t i o n s  may a l s o  a f f e c t  t h e  s o l u b i l i t y  o f  t h e  Cu 
f e r t i l i s e r .  A l th o u g h  t h e  e v id e n c e  f o r  s o i l  pH a f f e c t i n g  t h e  
a v a i l a b i l i t y  o f  Cu t o  p la n ts  is  c o n f l i c t i n g  (sec t ion  2 . 2 . 6 ) ,  the  f i r s t  
pot  t r i a l  (Chapter 10) showed t h a t  s o i l  pH had an e f f e c t  on the  Cu 
c o n c e n t r a t i o n  o f  r y e g ra s s  and t h i s ,  t h e r e f o r e ,  w a r ra n te d  f u r t h e r  
i n v e s t i g a t i o n .
The fo l l o w in g  pot t r i a l  was, t h e r e fo r e ,  conducted to  i n v e s t i g a te  the 
e f f e c t s  o f  s o i l  pH, wa ter logg ing  and organ ic  matter  con ten t  on the 
p la n t  a v a i l a b i l i t y  o f  Cu from Cu f e r t i l i s e r  supplemented s o i l .  The
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r e s u l t s  should help 1n dete rm in ing  what combinat ion o f  s o i l  t ypes ,  
d r a i n a g e  s t a t u s  and pH i s  m os t  f a v o u r a b l e  f o r  Cu f e r t i l i s e r  
supp lementat ion .
By des ign ing  the pot t r i a l  t o  l a s t  f o r  up t o  one year any res idua l  
va lue  o f  the  Cu f e r t i l i s e r ,  f o r  supp ly ing  Cu t o  the p la n t ,  cou ld  be 
m on ito red .  Herbage Zn, Fe, Pb, Cd, Cr, Mn and Ni concen t ra t ions  were 
a lso  monitored in o rde r  t o  determine i f  t h e i r  re lease from the  Cu 
f e r t i l i s e r  and p la n t  a v a i l a b i l i t y  were a f fe c ted  by the d i f f e r e n t  s o i l  
f a c t o r s .
11.2  EXPERIMENTAL
1 1 .2 .1  S o ils  and Preparation
Three s o i l s  w i th  va ry ing  organ ic  mat te r  contents  were c o l l e c t e d .  The 
s o i l s  inc lude  one from the  Garmore response t r i a l  s i t e  as the moderate 
o rgan ic  m a t te r  con ten t  s o i l  and t h i s  may enable a b e t t e r  understanding 
o f  what is  happening t o  the  Cu f e r t i l i s e r  in the f i e l d .  The o the rs  
used were a peaty g ley  t o p s o i l  (h igh organ ic  mat te r )  a sandy subso i l  
( low o rgan ic  m a t t e r ) .
The s o i l s  were r id d le d  through a 5 mm s ieve t o  remove any la rge  stones 
and b reak  up any a g g r e g a t e s . A n a l y s i s  was a l s o  c a r r i e d  o u t  t o  
determine:
(a) Percentage loss  on i g n i t i o n  (sec t ion  3 .2 .6 )  t o  determine the  
percentage organ ic  ma t te r  in each s o i l .
(b)  pH and l ime requi rement  ( s ec t ion  3 .2 .4  and 5) so t h a t  the pH o f  
the  s o i l  could be s u i t a b l y  ad jus ted .
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(c)  A v a i l a b l e  P and K ( s e c t i o n  3 . 2 . 7 )  so t h a t  f e r t i l i s e r  
recommendations could be determined.
(d) E . D . T . A .  e x t r a c t a b l e  Cu ( s e c t i o n  3 . 2 . 8 )  f o r  b a c k g r o u n d  
in fo rm a t ion  on the th re e  s o i l s .
The r e s u l t s  in Table 10.1 show t h a t  the  s o i l s  a l l  have a low E.D.T.A. 
e x t r a c ta b le  Cu conc e n t ra t io n ,  as def ined by M . I .S .R .  (1985) and do 
encompass a wide range o f  o rgan ic  mat te r  con ten ts .
Tab le  11.1
S o i l  ana ly s is  r e s u l t s  f o r  s o i l s  used in  po t  t r i a l
S o i l  o rgan ic  mat ten t  con ten t
Ana lys is Low Moderate High
Organic matte r  con ten t  (%LOI) 5.5 15.6 57.9
E.D.T.A. E x t rac ta b le  Cu (mg/kg) 2.75 3,68 2.69
pH 5.54 5.03 4.33
Lime requirement ( t / h a ) 1.7 6.7 17.8
A v a i la b le  P (mg/1) 1.5 8.1 2.5
A v a i la b le  K (mg/1) 60 66 100
The s o i l s  were packed mois t  i n t o  17.5 cm p l a s t i c  pots w i th  a base 
d ress ing  o f  3 g o f  20 N; lOP; lOK ground f e r t i l i s e r  incorporated i n t o  
each po t .  Target  pHs f o r  each pot were obta ined by in c o rp o ra t io n  o f  
ca lc ium hydroxide th roughout  the  s o i l  by hand.
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11.2 .2  Treatments
Three s o i l  f a c t o r s  were s tud ied :  s o i l  o rgan ic  mat te r  con ten t ,  s o i l  pH
and wa te r logg ing ,  each o f  them w i th  o r  w i thou t  Cu f e r t i l i s e r  a d d i t i o n .
The t rea tm ents  were:
(a ) Soil organic m atter content
The th re e  s o i l s  used in t h i s  pot t r i a l  were se lected on the bas is  o f  
t h e i r  d i f f e r e n t  o rgan ic  mat ter con ten ts  which were represented by loss  
on i g n i t i o n  o f  5.5%, 15.6% and 59.6% re s p e c t i v e l y .  The s o i l s  were 
th e r e fo r e  c l a s s i f i e d  as:
( i )  Low o rgan ic  mat te r  content  -  sandy loam s u b s o i l .
( i i )  Moderate o rgan ic  mat ter con ten t  -  sandy loam.
( i i i )  High o rgan ic  matte r  content  -  peaty g ley  (S c o t t i s h  A g r i c u l t u r a l  
Co l leges ,  1985).
(b ) Soil pH
Each o f  the above s o i l s  were a l l  l imed w i th  Ca (OH2 ) t o  ob ta in  pHs o f :
( i )  4 .5 .
( i i )  5 .5 .
( i i i )  6 .5 .
Th is  range o f  pHs i s  wider than t h a t  used in the  f i r s t  pot  t r i a l
(Chapter 10) and i s  more l i k e l y  t o  emphasise any pH e f f e c t s .
(c ) Waterlogging
Two mois ture  con ten ts  were compared by c re a t in g  a low and high water
t a b l e  environment f o r  the pots as f o l l o w s :
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( i )  aerated -  low water t a b le .
(11) water logged -  high water t a b l e .
The high wa te r tab le  was obtained by s i t t i n g  the s o i l  f i l l e d  pots in 
t r a y s  con ta in ing  5 cm depth o f  water .  The low water t a b le  comparison 
was obtained by s i t t i n g  the  pots on t r a y s  o f  p e r l i t e .  Th is  al lowed 
the  l a t t e r  t o  be wel l  aerated and f re e  d ra in ing  w i th  the  p e r l i t e  
o f f e r i n g  a source o f  water when requ i red  by the p la n t .
(d) Copper f e r t i l i s e r  supplementation
The Cu f e r t i l i s e r  was app l ied a t :
( i ) 0 kg/ha.
( i i )  370 kg/ha.
The Cu f e r t i l i s e r  was mixed th roughout  the 12 cm depth o f  the  po t .
(e ) R eplication
Each o f  the 36 t rea tments  above was re p l i c a te d  fou r  t imes g i v in g  a 
t o t a l  o f  144 pots arranged in a randomised block des ign.
1 1 .2 .3  Sowing o f Seed and Feeding
A f t e r  t rea tment  two grams o f  I t a l i a n  ryegrass was sown i n to  the top o f  
each pot on 25 March 1987. The pots were watered w i th  de ion ised water 
and fed 5 ml o f  l i q u i d  feed ( s e c t io n  3 .5 .3 )  as requ i red .
1 1 .2 .4  Grass C utting and Analysis
F ive  cu ts  were taken from a l l  the  pots on 3 June 1987, 12 August 1987, 
14 October 1987, 21 January 1988 and 29 March 1988. The grass was cu t  
2 cm from the s o i l  su r face  o f  each pot using stee l  shears t o  prevent
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any s o i l  c o n t a m in a t i o n .  The g ra s s  samples were then  weighed and 
re ta ine d  f o r  dry  matter  de te rm ina t ion  and t ra c e  element a n a ly s i s .  
A f t e r  dry  matte r  de te rm ina t ion ,  a subsample was removed f o r  t o t a l  Cu 
and Zn ana lys is  (sec t ion  3 . 3 . 4 ) .  The grass samples obtained from the  
th re e  cu ts  on 3 June 1987, 12 August 1987 and 21 October 1987 were 
a lso  analysed f o r  Fe, Mn, Ni ,  Pb, Cr and Cd ( s ec t ion  3 . 3 . 4 ) .
Due t o  t h e  d e t r i m e n t a l  e f f e c t s  o f  m i ldew i n f e c t i o n  and t h r i p
i n f e s t a t i o n  samples taken a t  the fo u r th  c u t  had to  be discarded.
1 1 .2 .5  Soil pH
At the  end o f  the  pot t r i a l ,  the  s o i l  o f  27 pots were sampled a t
random from the t o t a l  o f  144 pots and the s o i l  pH determined ( s e c t io n  
3 . 2 . 4 )  t o  see i f  i t  had changed over  the du ra t io n  o f  the t r i a l .  Th is  
showed t h a t  t h e  t a r g e t  pHs were m a in ta in e d  t h r o u g h o u t  t h e  t r i a l  
pe r io d .
11.3 RESULTS AND DISCUSSION
1 1 .3 .1  Y ie ld
T he re  were no s i g n i f i c a n t  d i f f e r e n c e s  in  g ras s  y i e l d s  among t h e  
t r e a t m e n t  g roups  a t  any c u t  ( T a b le  1 1 . 2 ) .  Thus Cu f e r t i l i s e r  
a p p l i c a t i o n  had no p o s i t i v e  o r  d e le te r io u s  e f f e c t s  on grass growth .  
Desp i te  growing in s o i l s  o f  low a v a i l a b le  Cu concen t ra t ion  no grass 
samples were found to  be C u -d e f i c ie n t  ( le s s  than 4 mg Cu/kg (M . I .S .R . ,
1985) ) ,  consequent ly  as in the f i r s t  pot  t r i a l  (Chapter 10) no y i e l d
d i f f e r e n c e  would have been expected.
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11.3 .2  Grass Cu Concentration
The mean grass Cu concen t ra t ions  f o r  each t rea tm en t  in the fou r  cu ts  
in which they  are measured are shown in Table 11.3,  I r r e s p e c t i v e  o f  
t r e a t m e n t ,  a p p l i c a t i o n  o f  th e  Cu f e r t i l i s e r  produced s i g n i f i c a n t  
i n c re a s e s  (p < 0 .0 0 1 )  in  g rass  Cu c o n c e n t r a t i o n s  ov e r  t h e  c o n t r o l  
t rea tm en ts ,  which were maintained u n t i l  the  end o f  the t r i a l .
The increase in grass Cu conce n t ra t io n  due t o  the  a p p l i c a t i o n  o f  the  
Cu f e r t i l i s e r  compared t o  the c o n t r o l  dec l ines  w i th  successive c u ts  
(F igures  11.5 and 11 .6 ) .  In c u t  1 th e re  was an average increase o f  
8.0 mg/kg in grass Cu concen t ra t ions  which dropped t o  2 .4  mg/kg by the  
t h i r d  c u t  bu t  plateaued out  a t  t h i s  le v e l  and was 2.2 mg/kg a t  the  
f i n a l  c u t .  These increases represent  removal o f  0.21% and 0.06% o f  
the  added Cu by the grass in the  f i r s t  and l a s t  cu ts  r e s p e c t i v e l y .  
These r e s u l t s  imply t h a t  an i n i t i a l  f l u s h  o f  Cu was released from the  
Cu f e r t i l i s e r  f o l l o w in g  a p p l i c a t i o n ,  which was re f l e c te d  in h igher  Cu 
conce n t ra t io ns  a t  the f i r s t  sampl ing.  In  subsequent cu ts  the s o i l  may 
have removed any excess Cu r e le a s e d  from t h e  Cu f e r t i l i s e r  o r  
a l t e r n a t i v e l y  i t s  ra te  o f  re lease may have slowed down, the Cu now 
coming from l a r g e r  p a r t i c l e s  t h a t  degrade more s l o w l y .  A n o th e r  
p o s s i b i l i t y  i s  t h a t  the  Cu reserves  in the  s o i l  and from the Cu 
f e r t i l i s e r  may s imp ly  have dec l ined w i th  t im e .  Thus the  e le v a t io n  in 
Cu conce n t ra t io ns  begins t o  d e c l in e  u n t i l  an e q u i l i b r i u m  p o s i t i o n  is  
reached a f t e r  which the d i f f e r e n c e  from c o n t r o l s  remains r e l a t i v e l y  
c o n s t a n t .  These r e s u l t s  are  s i m i l a r  t o  th o s e  observed by o t h e r  
w o rk e rs  who have shown in p o t  e x p e r im e n ts  t h a t  a f t e r  s o i l  Cu 
supp lementat ion ,  e le v a t io n  o f  the  Cu con ten t  o f  grasses decreased w i th  
success ive cu ts  (McGrath e t  a l ,  1982a) as the  added Cu is  immobi l ised
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by the s o i l .
(a ) E ffec ts  o f so il pH on Cu concentrations
The mean Cu c o n c e n t r a t i o n s  f o r  t h e  c o n t r o l  and Cu f e r t i l i s e r  
t rea tm en ts  a t  each pH leve l  in  a l l  f o u r  cu ts  are given in Table 11.4 
and presented aga ins t  t ime in F igure  11,5.  They show t h a t  the re  i s  no 
s i g n i f i c a n t  e f f e c t  o f  s o i l  pH on the c o n t ro l  grasses. However, when 
Cu f e r t i l i s e r  was app l ied ,  lower ing  the pH from 6.5 to  5.5 caused 
s i g n i f i c a n t  increases (cu t  1 pcO.OOl, cu t  2 p<0.01, cu t  3 p<0.001, c u t  
5 p<0.001) in the Cu conce n t ra t io n  o f  ryegrass.  However the re  was 
o n l y  a s i g n i f i c a n t  d i f f e r e n c e  ( p < 0 . 0 0 1 )  be tw een  g r a s s  Cu 
conce n t ra t io ns  f o r  pH 4.5 and 5.5 a t  cu t  5. Al though a t  pH 4.5 the 
grass Cu concen t ra t ions  tended t o  be higher than those a t  pH 5 .5 .  In  
a d d i t i o n  the lowest pH le v e l  maintained the g rea tes t  e le v a t io n  in 
grass Cu concen t ra t ion  th roughout  the  t r i a l  pe r iod .  Therefore  i t  
appears t h a t  s o i l  pH is  i n f l u e n c in g  the concen t ra t ion  and ra te  o f  
re lease o f  Cu from the Cu f e r t i l i s e r  t o  both the  s o i l  and p la n t .  As 
in  the  f i r s t  pot  t r i a l  (Chapter 10) the evidence t h e re fo re  suggests 
t h a t  the  more a c id ic  s o i l  a l lows  the  Cu f e r t i l i s e r  t o  degrade more 
r a p id l y  and prov ide a h igher  concen t ra t ion  o f  Cu a v a i la b le  t o  the  
p l a n t .  The lower s o i l  pHs may also a l low t h i s  more rapid ra te  o f  
re lease  to  be maintained f o r  a longer  per iod o f  t im e .
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Table 11.4
Mean Cu concentrations fo r  the control and Cu f e r t i l i s e r  
treatm ents a t each pH level in each cut
Cut Cu f e r t i l i s e r  (kg/ha)
pH
4.5 5-5 6.5
1 0 7.20 5.29 6.63
370 16.26 15.67
S.E.D. = 0.93
10.86
2 0 7.22 6,80 6.83
370 14.01 14.14
S.E.D. = 0.72
10.92
3 0 7.32 7.26 6.69
370 10.53 10.04
S.E.D. = 0.34
8.87
5 0 7.91 8.60 7.07
370 10.99 9.86 9.06
S.E.D. = 0,33
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(b ) E ffec ts  o f organic m atter content on Cu concentrations
The mean Cu concen t ra t ion  f o r  the  c o n t r o l  and Cu f e r t i l i s e r  t rea tm en ts  
a t  each organ ic  matte r  leve l  in a l l  f o u r  cu ts  are given in Table 11.5 
and presented aga ins t  t ime in F igu re  11.6.  A p p l i c a t io n  o f  the  Cu 
f e r t i l i s e r  caused s i g n i f i c a n t  i n c r e a s e s  (p< 0 .0 01 )  in  r y e g ra s s  Cu 
c onc e n t ra t io ns  on a l l  th ree  s o i l  types in each c u t .  However, th e re  
were no s i g n i f i c a n t  d i f f e re n c e s  in  the Cu conce n t ra t io n  o f  grass on 
f e r t i l i s e d  s o i l  between s o i l  t y pes .  There fo re ,  o rgan ic  matter  c on ten t  
does not appear t o  in f luence  i n i t i a l  re lease o f  Cu by the  f e r t i l i s e r .  
A t  the  f i r s t  th ree  cu ts  the re  were no s i g n i f i c a n t  d i f f e re n c e s  in the  
Cu c oncen t ra t ion  o f  grass among c o n t ro l  t rea tm en ts .  A l l  t h ree  s o i l  
types had s i m i l a r  E.D.T.A. e x t r a c ta b le  Cu concen t ra t ions  (Table 11.1) 
and so these re s u l t s  f o r  the c o n t r o l s  were not unexpected. In  the  
f i n a l  c u t  the  Cu concen t ra t ions  o f  the  ryegrass from the  c o n t r o l ,  h igh 
o rgan ic  mat te r  t rea tment  dropped s i g n i f i c a n t l y  below t h a t  o f  the o th e r  
c o n t r o l  t r e a t m e n t s .  T h i s  c o u ld  be due t o  d e p l e t i o n  o f  i t s  own 
in he ren t  s o i l  Cu reserves by the  c on t in ua l  removal o f  Cu in p rev ious  
c u t s .  The Cu f e r t i l i s e r ,  high o rgan ic  matte r  t rea tm en t  fo l lowed a 
s i m i l a r  p a r a l l e l  d e c l i n e  b u t  s t i l l  m a in ta in e d  a 2 mg Cu/kg D.M. 
advantage over the c o n t ro l  th roughout  t h i s  per iod (F igu re  11 .6 ) .  Th is  
im p l ies  t h a t  a l though the s o i l s  own Cu con ten t  i s  decreasing the  Cu 
f e r t i l i s e r  is  s t i l l  supp ly ing s u f f i c i e n t  Cu t o  s i g n i f i c a n t l y  increase 
grass Cu conce n t ra t io ns .
The above r e s u l t s  demonstrate t h a t  o rgan ic  mat te r  had no s i g n i f i c a n t  
e f f e c t  on the uptake o f  Cu f e r t i l i s e r - d e r i v e d  Cu by ryegrass.  Th is  
suggests t h a t  the  grass was o b ta in in g  most o f  i t s  Cu d i r e c t l y  from the  
Cu f e r t i l i s e r  which was released a t  a s i m i l a r  ra te  in a l l  th ree  s o i l
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Table 11.5
Mean Cu concentration fo r  the control and Cu f e r t i l i s e r  treatm ents  
a t each organic m atter content fo r  a l l  four cuts
Cut Cu f e r t i l i s e r  (kg/ha)
Organic m atter content 
Low Moderate High
1 0 6.26 5.94 6.92
370 13.39 16.96 12,45
S.E.D. = 0.93
2 0 7.38 6.58 6.89
370 12.66 12.72 13.69
S.E.D. = 0.72
3 0 6.79 7.71 7.78
370 9.28 10.34 9.82
S.E.D. = 0.34
5 0 9.47 8.50 5.61
370 10.92 11.57 7.42
S.E.D. = 0.33
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t y p e s ,  a f t e r  t h e  I n i t i a l  h i g h e r  r a te s  o f  r e le a s e  on a p p l i c a t i o n .  
Whereas, i f  the  Cu f e r t i l i s e r  Cu was f i r s t  released t o  the  s o i l  and 
from the re  t o  the p la n t  the  high organ ic  matte r  s o i l  should adsorb 
t h i s  e x t ra  Cu q u i c k l y  and render i t  unava i lab le  t o  the  p la n t  and so 
the  grass Cu c o n c e n t ra t io n  o f  t h e  con t ro l  and Cu f e r t i l i s e r  t rea tm ents  
would converge more q u i c k l y  as the organ ic  matter  con ten t  increases.  
As F igure 11.6 shows, t h i s  d id  not occur .  This premise could be 
tes ted  by use o f  a comparable CuSO^ trea tment  in a l l  t h re e  s o i l s .  In 
t h e  h i g h e r  o r g a n i c  m a t t e r  s o i l ,  Cu from CuSO^ would p r o b a b l y  be 
q u i c k l y  immobi l ised by s o i l  adso rp t ion  processes and thus  less  Cu 
would be a v a i l a b le  f o r  p l a n t  uptake than when the  Cu f e r t i l i s e r  is  
used.
(c ) E ffec ts  o f waterlogging on Cu concentration
The mean Cu c o n c e n t ra t io n s  o f  the  ryegrass f o r  the  c o n t ro l  and Cu 
f e r t i l i s e r  t rea tm ents  in both aerated and water logged s o i l s  are given 
in Table 11.6 and presented aga in s t  t ime in F igure 11.7 .  There was no 
c o n s is te n t  s i g n i f i c a n t  d i f f e r e n c e  in Cu uptake by grasses grown in 
w a te r lo g g e d  o r  a e r a te d  t r e a t m e n t s  in  e i t h e r  0 o r  370 k g /h a  Cu 
f e r t i l i s e r  t rea tm en ts .  W ate r tab le  he igh t  has apparen t ly  had no e f f e c t  
on the s o l u b i l i t y  o f  Cu from the  Cu f e r t i l i s e r .  Th is  was probably  
because,  d e s p i t e  t h e  d i f f e r e n t  w a te r  t a b l e s  t h e  p o ts  were in  an 
enclosed system where th e re  was not a constant  through f low  o f  water 
t o  remove any Cu from th e  s o i l  s o l u t i o n  and even i f  any Cu was leached 
ou t  o f  the  s o i l  i t  on ly  went as f a r  as the t r a y  in which the  pot  was 
s i t t i n g  from where i t  cou ld  be reabsorbed by p la n t  ro o ts .
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Table 11.6
Mean grass Cu concentrations fo r  aerated and waterlogged treatm ents  
a t each Cu f e r t i l i s e r  app lication  ra te  in each cut
Cut Cu f e r t i l i s e r  (kg/ha) Aerated Waterlogged
1 0 6.01 6.74
370 15.55 12.89
S.E.D. = 0.76
2 0 6.91 6.99
370 12.97 13.08
S.E.D. = 0.59
3 0 6.94 7.81
370 8.72 10.90
S.E.D. = 0.28
5 0 7.95 7.77
370 . 9.98 9.95
S.E.D. = 0.27
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1 1 .3 .3  Grass Zn Concentrations
Herbage Zn concen t ra t ions  fo l lowed a s im i l a r  pa t te rn  t o  those o f  Cu 
( T a b l e  1 1 . 7 ) ,  A p p l i c a t i o n  o f  t h e  Cu f e r t i l i s e r  r e s u l t e d  i n  
s i g n i f i c a n t  i n c r e a s e s  ( p < 0 . 0 0 1 )  in  g r a s s  Zn c o n c e n t r a t i o n s .  
Water logg ing o r  organ ic  mat ter con ten t  had no s i g n i f i c a n t  e f f e c t  on 
grass Zn c o n c e n t ra t io n s .  These r e s u l t s  are c o n s is te n t  w i th  those o f  
p rev ious  work (Chapters 6 and 10) in which Cu and Zn fo l lowed s i m i l a r  
uptake pa t te rn s .
1 1 .3 .4  Grass Fe# Pb# Cd» Cr, Mn and N1 Concentrations
A p p l i c a t io n  o f  the  Cu f e r t i l i s e r  had no s i g n i f i c a n t  e f f e c t  on the  Cu 
c o nce n t ra t io n  o f  any o f  these elements (Table 11 .8 ) .  Thus the ra te  o f  
r e l e a s e  o f  t h e s e  e lemen ts  f rom t h e  Cu f e r t i l i s e r  o r  t h e i r  p l a n t  
a v a i l a b i l i t y  were n o t  a f f e c t e d  by th e  d i f f e r e n t  s o i l  f a c t o r s .  
Consequent ly they  were not analysed in the grass from the f i n a l  c u t  on 
29 March 1988. The concen t ra t ions  o f  these elements were wel l  below 
both phy to tox ic  and zoo tox ic  t h re s ho lds  (Table 6 . 7 ) .  These r e s u l t s  
are c o n s is te n t  w i th  those o f  prev ious  work (Chapters 6 and 10) and 
imply t h a t  the  presence o f  these elements in the  Cu f e r t i l i s e r  is  
u n l i k e l y  t o  have any de t r im en ta l  o r  t o x i c  e f f e c t  in e i t h e r  the  p la n t  
o r  an im a l .
11 .3 .5  Conclusions
R e s u l t s  f rom t h i s  p o t  t r i a l  have f u r t h e r  c o n f i r m e d  t h a t  t h e  Cu 
f e r t i l i s e r  is  a method o f  inc reas ing  grass Cu and Zn c o n c e n t ra t io n s .  
The a v a i l a b i l i t y  o f  Cu from the Cu f e r t i l i s e r  does not  appear t o  be 
a f fe c te d  by the o rgan ic  matter  con ten t  or  water t a b le  o f  a s o i l .  Th is
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Imp l ies  t h a t  the  Cu f e r t i l i s e r  cou ld  be e f f e c t i v e l y  used on a wide 
range o f  s o i l  types.  However, s o i l  pH does in f luence  the a v a i l a b i l i t y  
o f  Cu from th e  Cu f e r t i l i s e r ;  l o w e r i n g  th e  pH caused s i g n i f i c a n t  
increases in the Cu concen t ra t ion  o f  ryegrass.  I t  is  probable t h a t  pH 
a f f e c t s  the  s o l u b i l i t y  o f  the  Cu f e r t i l i s e r .  Th is  compares w e l l  w i th  
the  c h a r a c te r i s a t io n  work (Chapter  4) which showed t h a t  the  s o l u b i l i t y  
o f  t h e  Cu f e r t i l i s e r  in c re a s e d  w i t h  i n c r e a s in g  a c i d i t y .  The Cu 
f e r t i l i s e r  would probably be more e f f e c t i v e  on acid s o i l s  in which Cu 
from CuSO^ would probably be q u i c k l y  immobi l ised by adsorp t ion  in the  
s o i l  ( s ec t ion  2 . 4 . 1 ) .
Under the  in te n s iv e  growing c o n d i t i o n s  o f  the glasshouse t h i s  work has 
demonstrated t h a t  the  Cu f e r t i l i s e r  could prov ide a long term source 
o f  Cu f o r  p l a n t s .  The e l e v a t e d  g ras s  Cu c o n c e n t r a t i o n s  were 
maintained throughout  the d u ra t io n  o f  the t r i a l  which was 350 days. 
As in the  prev ious t r i a l s  the  Cu and Zn increases were not accompanied 
by increased Fe, Pb, Cd, Cr,  Mn o r  Ni conce n t ra t io ns .
These r e s u l t s  suggest t h a t  the  Cu f e r t i l i s e r  could ac t  as a long term 
source o f  Cu f o r  grass p a r t i c u l a r l y  on the a c id i c  s o i l s  o f  Great 
B r i t a i n  where CuSO^ cannot be e f f e c t i v e l y  used as a s o i l  app l ied  Cu 
f e r t i l i s e r , a l t h o u g h  comparat ive t r i a l s  would be necessary t o  c o n f i rm  
t h i s .  In a d d i t io n  i t  has p o t e n t i a l  f o r  use as a Zn f e r t i l i s e r .  I t s  
a b i l i t y  t o  supp ly e i t h e r  Cu o r  Zn does not appear t o  be a f fe c te d  by 
o rgan ic  mat te r  content  o r  wa te r logg ing  as descr ibed in t h i s  c h a p te r .
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11.4 SUMMARY
11.4.1 A p p l i c a t i o n  o f  t h e  Cu f e r t i l i s e r  had no p o s i t i v e  o r  
d e le te r io u s  e f f e c t s  on grass y ie ld s .
11 .4 .2  A p p l i c a t i o n  o f  t h e  Cu f e r t i l i s e r  m a in ta in e d  a s i g n i f i c a n t  
increase in grass Cu concen t ra t ions  in a l l  t h re e  s o i l  types 
throughout  the du ra t ion  o f  the  t r i a l .
11.4.3 Organic matte r  con ten t  o f  the  s o i l  d id no t  adverse ly  a f f e c t  
the a v a i l a b i l i t y  o f  Cu t o  grass in s o i l s  supplemented w i th  Cu 
f e r t i l i s e r .
11 .4 .4  S o i l  pH i s  t h e  main f a c t o r  which i n f l u e n c e s  t h e  p l a n t  
a v a i l a b i l i t y  o f  Cu from Cu f e r t i l i s e r  supplemented s o i l .
11.4 .5  Lowering the  s o i l  pH resu l ted  in s i g n i f i c a n t  increases in the 
Cu concen t ra t ions  o f  Cu f e r t i l i s e r  t re a te d  ryegrass.
11.4 .6  Water logg ing had no c o n s i s t e n t l y  s i g n i f i c a n t  e f f e c t  on the Cu 
concen t ra t ions  o f  Cu f e r t i l i s e r  t rea ted  s o i l .
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CHAPTER 12. SOIL INCORPORATION FIELD TRIAL
12.1 INTRODUCTION
Preceding pot and f i e l d  t r i a l s  demonstrated t h a t  a p p l i c a t i o n  o f  the  Cu 
f e r t i l i s e r  increased the  Cu c o n c e n t ra t io n  o f  both ryegrass o r  mixed 
herbage. Al though broadcast a p p l i c a t i o n  t o  grassland i s  p r e fe ra b le  t o  
s o i l  i n c o r p o r a t i o n  f rom a p r a c t i c a l  p o i n t  o f  v iew as i t  i s  t h e  
s im p le s t  and most convenient  method, some t o x i c i t y  problems may a r i s e  
due t o  d i r e c t  inges t ion  o f  the Cu f e r t i l i s e r  adher ing t o  the  su r face  
o f  herbage by sheep sus c e p t ib le  t o  Cu po ison ing ,  such as the North 
Ronaldsay, or  i f  high a p p l i c a t i o n  ra tes  are used. This problem may be 
overcome by in c o rp o ra t io n  o f  the  Cu f e r t i l i s e r  in to  the s o i l .  Copper 
d e f i c i e n c y  in  sheep o c c u r s  p a r t i c u l a r l y  o f t e n  a f t e r  p a s t u r e  
improvement  (see s e c t i o n  2 . 3 . 3 ) .  I f  i n c o r p o r a t i o n  o f  t h e  Cu 
f e r t i l i s e r  i n t o  t h e  s o i l  a t  r e s e e d i n g  i n c r e a s e s  h e r b a g e  Cu 
conce n t ra t io ns  then i t  may prevent  any subsequent Cu d e f i c i e n c y  in 
1i v e s t o c k .
The f i r s t  glasshouse pot t r i a l  (Chapter 10) showed no s i g n i f i c a n t  
d i f f e r e n c e s  in Cu uptake by ryegrass when sur face a p p l i c a t i o n  and s o i l  
i n c o r p o r a t i o n  o f  t h e  Cu f e r t i l i s e r  were compared.  However,  t h e  
l i m i t e d  conf ines  o f  the  pot probab ly  meant t h a t  the  p la n t  roo ts  had 
access t o  a l l  the  Cu f e r t i l i s e r  in the  pot regardless o f  a p p l i c a t i o n  
method (sec t ion  1 0 .3 .3 ) .  In the  f i e l d  s i t u a t i o n  al though broadcast 
a p p l i c a t i o n  o f  t h e  Cu f e r t i l i s e r  produced in c re a s e d  herbage Cu 
conce n t ra t io ns  (Chapter 6) t h i s  method o f  a p p l i c a t i o n  does not a l low  
immediate access o f  the  roo ts  t o  the  app l ied Cu. Quicker and more 
e f f i c i e n t  up take  o f  Cu f rom  t h e  f e r t i l i s e r  may o c c u r  i f  i t  i s
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incorporated into the s o i l .
T h e r e f o r e  a f i e l d  t r i a l  was s e t  up t o  i n v e s t i g a t e  t h e  e f f e c t  o f  
in c o rp o ra t io n  o f  the  Cu f e r t i l i s e r  i n to  the seedbed a t  reseeding on 
herbage Cu co n c e n t ra t io n s .  Due t o  d i l u t i o n  e f f e c t s  and because the  
r i s k  o f  i n g e s t i o n  would be reduced i t  was f e l t  t h a t  a h igh  Cu
f e r t i l i s e r  a p p l i c a t i o n  r a t e  c o u ld  be used in  t h i s  t r i a l  as t h e  
increase in herbage Cu a f t e r  broadcast ing a t  Garmore had not been as
high as might have been p r e fe r r e d .  Therefore in a d d i t io n  t o  using the
370 kg/ha Cu f e r t i l i s e r  a p p l i c a t i o n  ra te ,  f o r  d i r e c t  comparison w i th  
broadcast  a p p l i c a t i o n  (Chapters 5, 6 and 8 ) ,  a t rea tm en t  o f  1000 kg/ha 
Cu f e r t i l i s e r  incorpora ted  i n t o  the s o i l  was inc luded.
12.2 EXPERIMENTAL
1 2 .2 .1  S ite  Description and Preparation
An area 15 m x 8 m on a un i fo rm  es tab l ished  sward a t  Temple F ie ld  on 
the  West o f  Scotland Co l lege  es ta te  (O.S. map re fe rence NS382238) was
prepared as fo l l o w s  t o  s im u la te  an autumn reseed:
(a) The e x i s t i n g  h e r b a g e  was d e s t r o y e d  u s i n g  t h e  h e r b i c i d e
g lyphosate .
(b) The dead herbage was then c u t  and removed.
(c)  The area was ploughed t o  break up and i n v e r t  the  s o i l .
(d)  The area was r o t i v a t e d ,  then raked t o  break up any c lods  and
prepare a seedbed.
(e) Twelve 3 m x 2 m p l o t s  were marked ou t .
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( f )  The Cu f e r t i l i s e r  was then app l ied ,  as descr ibed in 6 .3 .3 ,  t o  the  
s o i l  su r face  a t  the f o l l o w in g  ra tes :
( i ) 0 kg/ha.
( i i )  370 kg/ha.
( i i i )  1000 kg/ha.
Each t r e a t m e n t  was then  r e p l i c a t e d  f o u r  t im e s  in  a s i n g l e  
randomised block (F igu re  12 .1 ) .
(g) The Cu f e r t i l i s e r  was incorporated i n t o  the top 5 cm o f  the s o i l  
by means o f  a ro tasp ike .
(h) (In 10 August 1987 the  area was seeded w i th  ryegrass a t  a r a te  o f  
10 g seed/m^.
1 2 .2 .2  N.P.K. F e r t i l is e r  Application
A f t e r  ge rm ina t ion ,  t r i p l e - 1 7  N.P.K. f e r t i l i s e r  a t  a ra te  o f  185 kg/ha 
was app l ied  t o  each p l o t  by hand. Th is  a p p l i c a t i o n  was repeated in 
A p r i l  1988.
12 .2 .3  Herbage Sampling and Analysis
As no y i e l d  responses were found in prev ious  t r i a l s  (Chapters 6, 10 
and 11) and no Cu d e f i c i e n c y  was expec ted  in  t h i s  t r i a l ,  no 
measurements o f  grass y ie ld s  were made.
The ryegrass in the p l o t s  was sampled on 29 October 1987 and 2 June 
1988. The samples were taken up the cen t re  s t r i p  o f  each p l o t  using 
s te e l  sheep shears.  The grass was cu t  approximate ly  3 cm from the  
s o i l  su r face .  As the re  was s t i l l  on ly  l im i t e d  growth the  r e p l i c a t e
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Figure 12.1
Arrangement o f t r ia l  plots
r .......
1000 1 0 1 370 1000
kg/ha 1 kg/ha ; kg/ha kg/ha
370 1000 ' 0 370
kg/ha kg/ha ,
1
— -------------------------- --— 1
kg/ha kg/ha
0 370 1000
kg/ha kg/ha kg/ha
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samples c o l l e c te d  on 29 October 1987 f o r  each t rea tment  were bulked 
t o g e t h e r  in  o r d e r  t o  o b t a i n  s u f f i c i e n t  g rass  f o r  a n a l y s i s .  The 
samples c o l l e c t e d  from each p l o t  on 2 June 1988 were ana lysed  
i n d i v i d u a l l y .
Each sample was analysed f o r  t o t a l  Cu (3 ,3 .4 )  o n ly .
12.3 RESULTS AND DISCUSSION
I n c o rp o ra t io n  o f  the Cu f e r t i l i s e r  i n t o  the seedbed be fore  reseeding 
was observed to  have no d e le te r ious  e f f e c t s  on grass seed germ ina t ion .  
I n c o rp o ra t io n  o f  the Cu f e r t i l i s e r  also produced increases in grass Cu 
conc e n t ra t io n s  (Table 12 .1 ) .  The increases a t  the  f i r s t  cu t  were 
com parab le  t o  th o s e  a t  th e  second c u t  which were s i g n i f i c a n t  a t  
p<0.001. Inc reas ing  the Cu f e r t i l i s e r  in co rp o ra t ion  ra te  from 370 
k g / h a  t o  1000 k g / h a  had no s i g n i f i c a n t  e f f e c t  on g r a s s  Cu 
c o n c e n t ra t io n .
Table 12.1  
Mean ryegrass Cu concentrations
Cu f e r t i l i s e r  app lication  rate  (kg/ha)
Cu concentration (mg/kg) 
29/10/87 02/06/88
0 11.0 6 .9^
370 14,9 9 . 9 b
1000 15.0 9.8^
S.E.D. N/A 0.54
*Means w i th  d i f f e r e n t  s u p e rs c r ip ts  in any column are 
s i g n i f i c a n t  a t  the  p<0,001 l e v e l .
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The increases o f  3-4 mg/kg in the  grass Cu concen t ra t ions  produced 
us ing 370 kg/ha Cu f e r t i l i s e r  are g rea te r  than those obta ined using 
the  same ra te  broadcast in the  Garmore herbage t r i a l .  Th is  could 
r e f l e c t  the d i f f e r e n t  compos i t ions  o f  the two swards ra th e r  than the  
e f fe c t i v e n e s s  o f  the Cu f e r t i l i s e r .  However as the Cu f e r t i l i s e r  i s  
n o t  v e r y  s o l u b l e  and as Cu i s  n o t  v e r y  m o b i le  in  t h e  s o i l  t h e  
Inco rpo ra t ion  should g ive  more immediate access o f  Cu t o  the  roo ts .  
Thus qu icker  and more e f f i c i e n t  uptake o f  Cu from the Cu f e r t i l i s e r  
s h o u ld  o c c u r  when i t  i s  mixed i n t o  t h e  r o o t i n g  zone r a t h e r  th a n  
b r o a d c a s t  t o  th e  s o i l  s u r f a c e .  T h i s  p o s s i b i l i t y  c o u ld  o n l y  be 
c o n f i r m e d  by a d i r e c t  com par ison  o f  i n c o r p o r a t i o n  and b r o a d c a s t  
a p p l i c a t i o n s  under i d e n t i c a l  f i e l d  c o n d i t io n s .
The increases in grass Cu concen t ra t ions  are very s i m i l a r  t o  those 
obta ined in the two pot t r i a l s  when 370 kg/ha Cu f e r t i l i s e r  was used. 
They are however l a rg e r  than those obtained by several  workers using 
CuSO^, a t  comparable Cu a p p l i c a t i o n  ra tes ,  in the  f i e l d  s i t u a t i o n  
where increases o f  on ly  1-2 mg/kg in ryegrass were recorded (Bur r idge  
e t  a l ,  1983; Rei th e t  a l ,  1984).
W i t h o u t  f u r t h e r  i n v e s t i g a t i o n  t h e  reasons f o r  t h e  two d i f f e r e n t  
a p p l i c a t i o n  r a t e s  p r o v i d i n g  s i m i l a r  i n c r e a s e s  i n  g r a s s  Cu 
concen t ra t ions  cannot be exp la ined .  Al though the two Cu f e r t i l i s e r  
a p p l i c a t i o n  ra tes gave s i m i l a r  increases in grass Cu c onc e n t ra t io ns ,  
in th e  f i r s t  year o f  the t r i a l ,  i t  i s  poss ib le  t h a t  the  1000 kg/ha Cu 
f e r t i l i s e r  a p p l i c a t io n  r a te  may prov ide g rea te r  long term res idua l  
e f f e c t s  than t h e  370 k g /h a  r a t e .  T h i s  p o s s i b i l i t y  c o u ld  n o t  be 
fo l low ed  up w i th in  the  t ime c o n s t r a in t s  o f  the  p r o je c t .
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I n c o rp o ra t io n  o f  the Cu f e r t i l i s e r  i n t o  the  s o i l  a t  reseeding thus  
p r o v i d e s  in c re a s e d  g rass  Cu c o n c e n t r a t i o n s  w i t h o u t  any s u r f a c e  
con tam ina t ion  and p o te n t ia l  problems t h i s  may cause. I t ,  t h e r e fo r e  
could be used a t  reseeding to  overcome or  reduce the incidence o f  Cu 
d e f i c i e n c y  in sheep which is  o f te n  assoc ia ted w i th  upland pas ture  
improvements. The increase would probably  be s u f f i c i e n t  t o  preven t Cu 
d e f i c i e n c y  in graz ing l i v e s t o c k ,  e s p e c ia l l y  where t h i s  has a r isen  
p u re ly  as a r e s u l t  o f  land improvement processes (sec t ion  2 . 3 . 3 ) .  
However a l a r g e  s c a le  i n c o r p o r a t i o n  t r i a l  u s in g  a n im a ls  would be 
necessary t o  con f i rm  t h i s .
These r e s u l t s  show t h a t  t h e  Cu f e r t i l i s e r  i n c o r p o r a t e d  i n t o  t h e  
seedbed can prov ide  Cu t o  a new c rop .  These re s u l t s  w i th  ryegrass 
suggest t h a t  the  Cu f e r t i l i s e r  could be used as an immediate source o f  
Cu t o  a rab le  crops w i th  poss ib le  long term res idua l  e f f e c t s .  As 
copper d e f i c i e n c y  in a rab le  crops is  a wor ldwide problem (Al loway and 
T i l l s ,  1984) t h i s  is  a use f o r  the  Cu f e r t i l i s e r  worthy o f  f u r t h e r  
s tudy .
12.4  SUMMARY
12.4 .1  A p p l i c a t i o n  o f  t h e  Cu f e r t i l i s e r  t o  t h e  seedbed had no 
d e le te r io u s  e f f e c t  on grass seed germinat ion a t  reseeding.
12 .4 .2  In c o rp o ra t io n  o f  the  Cu f e r t i l i s e r  i n to  the  s o i l  a t  reseeding 
produced s i g n i f i c a n t  increases in grass Cu c o nce n t ra t io ns .
12.4 .3  T h e r e  were  no s i g n i f i c a n t  d i f f e r e n c e s  i n  g r a s s  Cu 
concen t ra t ions  between a 370 and a 1000 kg/ha Cu f e r t i l i s e r  
a p p l i c a t i o n  ra te .
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CHAPTER 13. GENERAL DISCUSSION
Copper is  an e s s e n t ia l  n u t r i e n t  f o r  both crops and an imals .  I t s  
d e f i c i e n c y  in  sheep c o n t i n u e s  t o  cause prob lems t h r o u g h o u t  G re a t  
B r i t a i n  and many o th e r  pa r ts  o f  the  wor ld .  The importance and e x te n t  
o f  Cu d e f i c ie n c y  i s  in c reas ing  as a g r i c u l t u r a l  land i s  improved t o  
increase p roduc t ion .  D i r e c t  t rea tm en t  o f  the animal i s  demanding and 
the  convenience and s i m p l i c i t y  o f  a s o i l  t rea tment  t o  ra is e  herbage Cu 
c o n c e n t r a t i o n s  i s  t h e r e f o r e  an a t t r a c t i v e  p r o p o s i t i o n  f o r  t h e  
preven t ion  o f  Cu d e f i c i e n c y  in sheep. Previous s tud ie s  have in d ica ted  
t h a t  s o i l  a p p l i c a t i o n  o f  Cu compounds increased p la n t  uptake by small 
amounts wh ich were seldom dependab le  in  ove rcom in g  l i v e s t o c k  
d e f i c i e n c i e s .
The o b je c t i v e  o f  t h i s  p r o j e c t  was to  eva luate  the  p o t e n t i a l  o f  a Cu 
r i c h  m a te r ia l ,  a l a r g e l y  un re f ined  and unprocessed by -p roduc t  o f  the  
brass manufactur ing in d u s t r y ,  which may have p r o p e r t ie s  t h a t  make i t  
s u i t a b le  f o r  use as a slow re lease Cu f e r t i l i s e r ,  f o r  the  p reven t ion  
o f  Cu d e f i c ie n c y  in graz ing  sheep. No prev ious  s tud ie s  o f  t h i s  type 
had been c a r r ie d  ou t  using t h i s  m a te r i a l .  The in v e s t i g a t i o n s  included 
la b o ra to ry  and glasshouse s tud ie s  t o  c h a ra c te r is e  the  na ture  o f  the  Cu 
f e r t i l i s e r  and i t s  b e h a v io u r  in  t h e  s o i l .  In  a d d i t i o n  t h e  work 
included f i e l d  t r i a l s  t o  assess the  e f f e c t s  o f  the  Cu f e r t i l i s e r  on 
the  Cu s ta tus  o f  herbage and a comparison o f  the  performance o f  sheep 
g r a z i n g  p a s tu r e  n a t u r a l l y  low in  a v a i l a b l e  Cu w i t h  t h a t  o f  sheep 
g raz ing  comparable Cu f e r t i l i s e r  t r e a te d  pasture .
Time c o n s t r a in t s  on the  p r o j e c t  meant t h a t  f i e l d  t r i a l s  had to  begin 
im m e d ia te l y  so t h a t  t h e  r e s i d u a l  v a lu e  o r  l o n g e v i t y  o f  t h e  Cu
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f e r t i l i s e r  t rea tm en t  could be measured. I d e a l l y  f i e l d  t r i a l s  would 
have been preceded by la b o ra to ry  and glasshouse s tud ie s .  However 
i n i t i a l  r e s u l t s  from the  f i e l d  t r i a l s  showed increased sheep plasma Cu 
c o n c e n t r a t i o n s  t h a t  c o u ld  n o t  be e x p la i n e d  on t h e  b a s i s  o f  t h e  
in fo rm a t ion  a v a i la b le  a t  t h a t  t im e .  Th is  led to  more t r i a l s  and 
a d d i t i o n a l  work t o  look a t  the l e a f  adherence c h a r a c t e r i s t i c s  o f  the  
Cu f e r t i l i s e r  and i t s  e f f e c t s  when ingested by sheep, in a d d i t io n  t o  
l a b o ra to ry  and glasshouse s tud ie s .
A p p l i c a t io n  o f  the Cu f e r t i l i s e r  both incorporated in to  the s o i l  a t  
reseeding and broadcast onto an es tab l ished  sward, increased herbage 
Cu conce n t ra t io ns  by 2 t o  4 mg/kg. Both pot and f i e l d  t r i a l s  showed 
t h a t  increased Cu f e r t i l i s e r  a p p l i c a t i o n  rates produced s i g n i f i c a n t
increases in herbage Cu con c e n t ra t io n s .  In a d d i t io n  the pot t r i a l s  
demonstrated t h a t  inc reas ing  s o i l  a c i d i t y  caused s i g n i f i c a n t  increases 
in Cu concen t ra t ions  o f  herbage grown on supplemented s o i l s ,  which was 
probab ly  due t o  i t  inc reas ing  the  ra te  o f  re lease o f  Cu from the  
f e r t i l i s e r .  C h a ra c te r i s a t ion  s tu d ie s  supported t h i s  by demonstrat ing 
t h a t  t h e  s o l u b i l i t y  o f ,  and r a t e  o f  r e le a s e  o f  Cu from t h e  Cu 
f e r t i l i s e r  i n c r e a s e d ,  as pH d e c re a s e d .  The pH e f f e c t s  were n o t  
supported in the  f i e l d .
The water i n s o l u b i l i t y  o f  the Cu f e r t i l i s e r  (Chapter 4) means t h a t  i t  
overcomes t h e  prob lem o f  Cu i m m o b i l i s a t i o n  by s o i l  a d s o r p t i o n
processes assoc ia ted w i th  CuSO^ on a c id i c  s o i l s .  The increase in 
herbage Cu concen t ra t ions  occurred on several  d i f f e r e n t  s o i l  types  
i n c l u d i n g  one o f  h igh  o r g a n i c  m a t t e r  c o n t e n t  wh ich was l i k e l y  t o
immobol ise any added Cu. Thus the  Cu f e r t i l i s e r  should be able t o
supply Cu t o  herbage on most s o i l  t ypes .
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In the  case o f  the  Garmore herbage t r i a l  (Chapter 6) the  e levated Cu 
c onc e n t ra t io ns  were maintained f o r  th ree  successive years a f t e r  a 
s i n g l e  Cu f e r t i l i s e r  a p p l i c a t i o n .  As th e  Cu f e r t i l i s e r  i s  s t i l l  
v i s i b l y  present in the s o i l ,  the  p o s s i b i l i t y  e x i s t s  f o r  the  cont inued 
maintenance o f  such values in the  f u tu r e .  Under the  in tense growing 
c o n d i t i o n s  o f  the  glasshouse, increased grass Cu conc e n t ra t io n s  were 
maintained in 5 cu ts  over  a year long per iod .
I t  has thus  been demonstrated t h a t  the  Cu f e r t i l i s e r  does supply Cu t o  
p la n t s  and a lso appears t o  ac t  as a long-te rm source o f  Cu. The 
increased herbage Cu c onc e n t ra t io ns  are s im i l a r  t o  those repor ted 
using  o th e r  s o i l  app l ied  Cu t rea tments  but as the Cu f e r t i l i s e r  i s  
s t i l l  present  in the  t o p s o i l  t he re  is  the p o s s i b i l i t y  t h a t  i t  may have 
a g re a te r  res idua l  va lue .  However as no d i r e c t  comparisons were made 
i t  cannot be c a t e g o r i c a l l y  s ta ted  t h a t  the Cu f e r t i l i s e r  would o r  
cou ld  have a lo n g e v i t y  g re a te r  than o ther  Cu t rea tm ents  i f  compared 
under  i d e n t i c a l  c o n d i t i o n s .  In  a d d i t i o n  f u r t h e r  m o n i t o r i n g  i s  
requ i red  to  e s ta b l i s h  the  ac tua l  res idua l  value o f  the  Cu f e r t i l i s e r  
in the  f i e l d .
Broadcast a p p l i c a t i o n  o f  th e  Cu f e r t i l i s e r  (370 kg/ha) t o  a sward w i th  
known low Cu con ten t  ra ised and maintained the plasma Cu c oncen t ra t ion  
o f  g raz ing  ewes above the  d e f i c i e n c y  th resho ld  f o r  two years (Chapter 
5 ) .  Dur ing t h i s  t ime plasma Cu concen t ra t ions  were s i g n i f i c a n t l y  
h igher  than those found in  c o n t ro l  animals and were comparable t o  
those obtained using annual o ra l  a d m in is t ra t i o n  o f  Cu needles t o  ewes, 
which is  a we l l  recognised method o f  prevent ing Cu d e f i c i e n c y  (sec t ion
2 . 4 . 2 ) .  In the t h i r d  year  ewes on the  t rea ted  pasture ,  a l though s t i l l  
m a in ta in in g  plasma Cu c o n c e n t ra t io n s  h igher  than those o f  the  c o n t ro l
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group, dropped below the d e f i c ie n c y  th resho ld  and were s i g n i f i c a n t l y  
lower  than those o f  ewes t re a te d  w i th  Cu needles.
The i n i t i a l  increase in plasma Cu conce n t ra t io ns  occurred w i th in  s i x  
weeks o f  i n t r o d u c i n g  t h e  ewes t o  t h e  t r e a t e d  p a s t u r e .  T h i s  was 
u n l i k e l y  t o  be due t o  Increased Cu c oncen t ra t ions  o f  the herbage as i t  
happened a t  a t ime o f  year when l i t t l e  herbage growth occurs and i t  i s  
proposed t h a t  d i r e c t  inges t ion  o f  the  Cu f e r t i l i s e r  by the sheep was 
t a k in g  p lace.  I t  is  known t h a t  sheep can ea t  la rge  q u a n t i t i e s  o f  s o i l  
when herbage growth is  poor over the w in te r  ( s e c t io n  2 . 3 . 6 ) .  As th e re  
was i n s u f f i c i e n t  h e r b a g e  t o  o b t a i n  s a m p le s  f r e e  f r o m  s o i l  
con tam ina t ion  in the  w in te r  months i t  i s  l i k e l y  t h a t  in ges t ion  o f  th e  
Cu f e r t i l i s e r  a long  w i t h  s o i l  o c c u r r e d .  In  a d d i t i o n  a n a l y s i s  o f  
unwashed s p r i n g  herbage f o l l o w i n g  autumn a p p l i c a t i o n  re v e a le d  Cu 
c o n c e n t ra t io n s  above the  phy to to x ic  th re sho ld  and up to  10 t imes those 
found in po t  and herbage t r i a l s .  These data suggest t h a t  the  Cu 
f e r t i l i s e r  was a lso  adher ing t o  the  herbage and was thus a v a i la b le  f o r  
i n g e s t io n  along w i th  i t .
The hypothes is  t h a t  inges t ion  o f  the  Cu f e r t i l i s e r  by the sheep was 
the  cause o f  t h e i r  increased plasma Cu c oncen t ra t ions  was supported by 
r e s u l t s  from l e a f  adherence (Chapter 8) and in ges t ion  (Chapter 9) 
t r i a l s .  These showed t h a t  the Cu f e r t i l i s e r  can adhere t o  f o l i a g e  and 
t h t s  when i n g e s te d  does in c re a s e  plasma Cu c o n c e n t r a t i o n s .  The 
su r fa ce  contaminat ion  is  a t  i t s  h ighes t  in the  f i r s t  few days a f t e r  
a p p l i c a t i o n  and dec l ines  r a p id l y  over the  next  week. A per iod  o f  
t h re e  weeks i s  proposed between a p p l i c a t i o n  o f  the  Cu f e r t i l i s e r  and 
a l l o w i n g  sheep  t o  g r a z e  t r e a t e d  p a s t u r e .  H o w eve r ,  f u r t h e r  
i n v e s t i g a t i o n s  under more c o n t r o l l e d  c o n d i t io n s  are requi red w i th
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regard t o  l e a f  adherence and in g e s t io n ,  t o  look a t  the  e f f e c t  o f  l e a f  
adherence when a p p l i e d  t o  wet o r  d r y  swards and t o  l o o k  a t  t h e
p e rc e n ta g e  up take  o f  Cu f rom  t h e  Cu f e r t i l i s e r  in  t h e  s h e e p ’ s
g a s t r o i n t e s t i n a l  t r a c t  i f  these proposals  are to  be conf i rmed.
To t r y  and reduce the amount o f  Cu f e r t i l i s e r  a v a i la b le  f o r  in g e s t io n  
by sheep a second f i e l d  t r i a l  (Chapter 7) was c a r r ie d  ou t  us ing a
lower a p p l i c a t io n  r a te ,  250 kg/ha compared t o  370 kg/ha,  as i t  was 
a n t i c i p a t e d  t h a t  t h i s  sh o u ld  reduce t h e  p o t e n t  1al  f o r  s u r f a c e  
con tam ina t ion .  Comparable increases in and maintenance o f  plasma Cu 
concen t ra t ions  o f  sheep g raz ing  the  t rea ted  sward to  those found in 
t h e  f i r s t  t r i a l  we re  o b t a i n e d .  H o w ev e r ,  h i g h  h e r b a g e  Cu
concen t ra t ions  were again p robab ly  due t o  sur face contaminat ion  w i th  
t h e  Cu f e r t i l i s e r .  The lower  a p p l i c a t i o n  ra te  reduced the per iod  o f  
con tam ina t ion ,  the per iod between t ime o f  a p p l i c a t io n  and when the  
herbage Cu c o n c e n t r a t i o n  d e c l i n e s  t o  a c o n s i s t e n t  l e v e l  o v e r  t h e  
c o n t r o l ,  from 10 months in the  f i r s t  f i e l d  t r i a l  t o  4 months in the 
second t r i a l .
When herbage ana lys is  r e s u l t s  f o r  the  adherence t r i a l  are compared t o  
those from the animal response t r i a l ,  a la rge  d i f f e r e n c e  in the  per iod 
o f  c o n t a m i n a t i o n  i s  show n ,  8 weeks compared  w i t h  10 m o n th s  
r e s p e c t i v e l y .  T h i s  s u g g e s ts  t h a t  under  t h e  g r a z i n g  s i t u a t i o n ,  
t ra m p l in g  and t o  a le s s e r  e x te n t  passage o f  the Cu f e r t i l i s e r  th rough 
the  animal extends the  per iod  o f  sur face con tam ina t ion .  Thus the  
i n i t i a l  increases in plasma Cu concen t ra t ions  in both t r i a l s  were 
l i k e l y  to  be due t o  in ges t ion  o f  the  Cu f e r t i l i s e r  desp i te  the  lower 
a p p l i c a t i o n  ra te  used in the  second t r i a l .
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Excess Cu absorbed from the sheep’ s abomasum is  main ly  stored in the 
l i v e r  (Underwood,  1981 ) .  T is s u e  a n a l y s i s  f rom dead ewes, in t h e  
second year o f  the  Garmore ewe response t r i a l ,  showed t h a t  ewes on Cu- 
t r e a te d  pasture  had a much higher Cu conce n t ra t io n  in t h e i r  l i v e r  than 
those on un t rea ted  pas ture .  Thus i t  appears t h a t  high amounts o f  Cu 
in take  due t o  in g e s t io n  o f  the Cu f e r t i l i s e r  resu l ted  in storage in 
the  an im a l ’ s l i v e r .  Copper so s tored would c o n t r i b u te  to  subsequent 
maintenance o f  plasma Cu conce n t ra t io ns .  Sheep on the  Garmore t r i a l  
where the p o t e n t i a l  f o r  ingest ion  was h ighes t  immediately f o l l o w in g  
the  Cu f e r t i l i s e r  a p p l i c a t i o n ,  maintained plasma Cu concen t ra t ions  
above the d e f i c i e n c y  th resho ld  b e t t e r  than those newly introduced t o  
t h e  t r i a l  in  a second year  when t h e  p o t e n t i a l  f o r  Cu f e r t i l i s e r  
in ges t ion  was reduced. Therefore the  subsequent maintenance o f  sheep 
plasma Cu conc e n t ra t io n s  was probably  due t o  a combinat ion o f  l i v e r  Cu 
s to re s  and the increased Cu concen t ra t ions  o f  herbage a f t e r  the high 
le v e l s  o f  con tam inat ion  had been reduced. In  a d d i t io n  as the Cu 
f e r t i l i s e r  e v i d e n t l y  remained in the  t o p s o i l  t he re  was the  p o s s i b i l i t y  
o f  f u r t h e r  Cu in ges t ion  along w i th  s o i l  a t  t imes o f  poor sward growth 
in subsequent w in te r s .
In th e  t h i r d  year  o f  the  Garmore animal response t r i a l ,  the  ex t ra  2 t o  
3 mg/kg advantage in herbage Cu c once n t ra t io ns  as a r e s u l t  o f  Cu 
f e r t i l i s e r  a p p l i c a t i o n  was s u f f i c i e n t  t o  m a i n t a i n  p lasm a  Cu 
c o n c e n t r a t i o n s  o f  sheep g r a z in g  t r e a t e d  sward above th o s e  o f  t h e  
c o n t r o l  sheep. I t  i s  a lso poss ib le  t h a t  f u r t h e r  in ges t ion  o f  Cu 
f e r t i l i s e r  mixed w i th  s o i l  could have c o n t r ib u te d  t o  t h i s .  However, 
the  e x t ra  Cu in take  was not s u f f i c i e n t  t o  main ta in  a l l  o f  the  sheep on 
the  t re a te d  sward above the d e f i c ie n c y  th re s h o ld ,  below which the r i s k
283
o f  swayback in lambs i s  increased.
Lambs b o rn  t o  ewes g r a z i n g  C u - t r e a t e d  p a s t u r e  had p la s m a  Cu 
c once n t ra t io ns  s i g n i f i c a n t l y  h ighe r  than those found f o r  lambs on the  
un t rea ted  pasture .  Treatment w i th  1.4 g Cu needles was requ i red  t o  
b r in g  the  mean plasma Cu c o n c e n t ra t io n  o f  the c on t ro l  group up t o  t h a t  
o f  the  lambs on the t re a te d  pas tu re .  However, the re  were i n s u f f i c i e n t  
swayback cases in the t r i a l  t o  determine i f  use o f  the  Cu f e r t i l i s e r  
would prevent t h i s  form o f  Cu d e f i c i e n c y .
In the  second animal response t r i a l  (Chapter 7) the replacement o f  the  
o r i g i n a l  sheep by new a n im a ls  one ye a r  a f t e r  t h e  Cu f e r t i l i s e r  
a p p l i c a t i o n  also resu l ted  in an increase in plasma Cu c o n c e n t ra t io n s .  
Th is  occurred w i th in  10 weeks and was maintained above the  d e f i c i e n c y  
th re s h o ld  over the subsequent w in t e r .  Herbage ana lys is  showed a 2 t o  
4 mg Cu/kg advantage over the  un t rea ted  sward. Thus the re  was no 
contam inat ion  o f  the herbage by the  Cu f e r t i l i s e r  and as sward cover  
was very  good, even over the  w in te r  i t  i s  u n l i k e l y  t h a t  th e  sheep 
inges ted much s o i l  and the  associa ted Cu f e r t i l i s e r .  Th is  r e s u l t  
im p l ies  t h a t  under c e r t a in  c i rcumstances ,  such as where the  d e f i c i e n c y  
i s  marginal or  due t o  land improvement, the  Cu f e r t i l i s e r  might  be 
s u c c e s s f u l  in  p r e v e n t i n g  l i v e s t o c k  d e f i c i e n c i e s .  However,  t h e  
s ig n i f i c a n c e  o f  these second year  data cannot be r e l i e d  upon due t o  
the  lack o f  a s u i t a b le  c o n t r o l  group.
In c o rp o ra t io n  o f  the Cu f e r t i l i s e r  i n t o  the  s o i l  a t  reseeding was a lso  
in v e s t i g a te d .  This method g r e a t l y  reduces the problem o f  su r face  
contam inat ion  and a l lows an e v a lu a t io n  o f  i t s  p o te n t ia l  t o  overcome 
the  Cu d e f i c ie n c y  which i s  o f te n  associated w i th  reseeding ( s e c t io n
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2 . 3 . 3 ) .  The f e r t i l i s e r  when incorporated a t  370 kg/ha in t o  the  s o i l  
produced a 3 to  4 mg/kg increase in grass Cu c o n c e n t ra t io n s .  Thus 
in co rp o ra t ion  is  e q u a l l y  as e f f e c t i v e  as broadcast a p p l i c a t i o n  in 
i n c r e a s i n g  g r a s s  Cu c o n c e n t r a t i o n s  b u t  i n v o l v e s  no s u r f a c e  
c o n t a m i n a t i o n .  T h i s  i n c r e a s e  shou ld  be s u f f i c i e n t  t o  p r e v e n t  Cu 
d e f i c ie n c y  in l i v e s t o c k  g raz ing  reseeded land where the  Cu d e f i c i e n c y  
i s  pu re ly  as a r e s u l t  o f  the  land improvement processes. However, a 
la rge  scale f i e l d  t r i a l  us ing animals would be necessary t o  con f i rm  
t h i s .
A p p l i c a t io n  o f  the  Cu f e r t i l i s e r  a t  rates o f  up t o  1000 kg/ha had no 
p o s i t i v e  o r  d e le te r io u s  e f f e c t s  on grass seed germ ina t ion  o r  herbage 
y ie ld s  in t h i s  work. However, no herbage or  grass sample was ever 
found to  be a c t u a l l y  Cu d e f i c i e n t  and consequent ly Cu was no t  a growth 
l i m i t i n g  e le m e n t .  A n a l y s i s  o f  t h e  Cu f e r t i l i s e r  showed t h a t  in  
a d d i t io n  to  Cu (2%) i t  con ta ined 2% Zn and sm a l le r  conce n t ra t io ns  o f  
Pb, Cd, Cr, Ni and Mn. Al though the  amounts o f  these elements app l ied 
to  the  s o i l  were wel l  below the  maximum concen t ra t ions  recommended f o r  
a p p l i c a t i o n  in sewage sludge -  the  nearest  comparable recommendations 
to  ino rgan ic  f e r t i l i s e r s  -  i t  was f e l t  necessary t o  mon ito r  t h e i r  
c o n c e n t r a t i o n s  in  herbage t o  ensu re  t h e r e  would be no t o x i c i t y  
problems in g raz ing  l i v e s t o c k .  Resul ts  showed t h a t  the Cu f e r t i l i s e r  
supp l ied Zn to  herbage as e f f e c t i v e l y  as i t  d id Cu. Even w i th  the 
increased Zn uptake t o t a l  herbage Zn concen t ra t ions  were wel l  below 
t o x i c i t y  th re s h o ld s .  No increases in the  concen t ra t ion  o f  any o f  the  
o th e r  elements in herbage were found. The c o m p e t i t i v e  uptake o f  Cu 
and Zn from the Cu f e r t i l i s e r  probably  prevented the uptake o f  these 
elements by the p l a n t .  In a d d i t i o n ,  as approx imate ly  on ly  0.2% o f  the
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added Cu was removed in each c u t ,  i f  Pb, Cd, Cr, Ni o r  Mn uptake d id  
occur  a t  a s im i l a r  ra te  any increase in p la n t  concen t ra t ions  o f  these 
elements would be too small t o  measure and thus  i t s  e f f e c t s  would 
probab ly  be n e g l i g i b l e .
A g re a te r  t h r e a t  from the heavy metal con ten t  o f  the m a te r ia l  was 
l i k e l y  when i t  was d i r e c t l y  in g e s te d  by t h e  a n im a l .  Of t h e  
p o t e n t i a l l y  hazardous elements Pb was present in the  la rg e s t  amounts, 
and t h e r e fo r e  i t s  c oncen t ra t ion  in blood was a lso  measured in  both 
f i e l d  and inges t ion  t r i a l s .  No e levated blood Pb concen t ra t ions  due 
t o  in ges t ion  o f  the Cu f e r t i l i s e r  were detec ted .  Also Cd i s  p robably  
cons idered to  be the most z o o to x ic ,  thus i t s  c once n t ra t io n  in blood 
was monitored in the inges t ion  t r i a l .  Inges t ion  o f  the Cu f e r t i l i s e r  
d id  not  cause elevated blood Cd conce n t ra t io ns .  Tissue ana lys is  f o r  
Cu, Cd o r  Pb supported the view t h a t  inges t ion  o f  the  Cu f e r t i l i s e r  a t  
the  ra tes  used presented no r i s k  t o  the animal from Cu, Cd o r  Pb 
t o x i c i t y .  As the re  were no e f f e c t s  due to  Cu, Cd o r  Pb i t  is  u n l i k e l y  
t h a t  Cr ,  Ni or  Mn would cause any problem. Al though the  Cu f e r t i l i s e r  
i s  an e f f e c t i v e  method o f  in c reas ing  herbage Cu c onc e n t ra t io ns ,  the  
increases have been no b e t t e r  than those ob ta ined using o the r  s o i l  
app l ied  t rea tments  repor ted by o th e r  workers.  However, the th re e  year 
m o n i t o r i n g  p e r i o d  o f  t h e  work was i n s u f f i c i e n t  t o  say i f  t h e  
pe rs is ten ce  o f  the t rea tm en t  w i l l  be s i g n i f i c a n t l y  b e t t e r  than those 
o f  o th e r  t rea tm en ts ,  a l though as the  Cu f e r t i l i s e r  i s  s t i l l  ev iden t  in 
the  s o i l  t he re  i s  a s t rong p o s s i b i l i t y  t h a t  the  Cu f e r t i l i s e r  w i l l  
con t inue  t o  supp ly Cu t o  the  p la n t  in f u tu re  years .
The s i m i l a r i t y  in increases in herbage Cu c oncen t ra t ions  repor ted here 
f o r  the  Cu f e r t i l i s e r  and elsewhere f o r  CuSO^ (s e c t io n  2 .4 .1 )  suggests
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t h a t  a l though the  Cu i s  app l ied  in d i f f e r e n t  forms i t  may have a
s i m i l a r  mode o f  re lease  t o  the  p l a n t .  In the  case o f  CuSO^ the added
Cu is  adsorbed on t o  the  s o i l  which may then ac t  as a slow release
source o f  Cu, whereas in t h i s  work the Cu f e r t i l i s e r  is  probably  
a c t in g  as the Cu source.
The p r o t e c t i o n  f rom  Cu d e f i c i e n c y  in  sheep a f f o r d e d  by t h e  Cu
f e r t i l i s e r  is  p robab ly  due t o  in ges t ion  o f  the Cu f e r t i l i s e r .  The 2 
t o  3 mg/kg increase in herbage Cu concen t ra t ions  would probably be 
s i g n i f i c a n t  on m a rg in a l l y  d e f i c i e n t  o r  reclaimed land.  In the Garmore 
t r i a l  the increase was i n s u f f i c i e n t  to  be o f  b e n e f i t  t o  the  graz ing 
sheep, f o r  the p reven t ion  o f  Cu d e f i c ie n c y ,  once the  Cu f e r t i l i s e r  
in ges t ion  and l i v e r  s torage e f f e c t s  had worn o f f .  The second year 
r e s u l t s  from the  Pinmacher animal response t r i a l  (Chapter 7) suggest 
in c e r ta in  c i rcumstances the  increase may be o f  lo nger  term b e n e f i t  t o  
the animal.  However, the  l a t t e r  r e s u l t s  were in conc lus ive  as the re  
was no c o n t ro l  group in  the  second year and so the  emphasis must be 
p u t  on t h e  r e s u l t s  o f  t h e  i n i t i a l  t r i a l ,  a t  Garmore,  where t h e  
increase was not  s u f f i c i e n t  t o  p rov ide  adequate long- te rm  p r o te c t io n  
from Cu d e f i c i e n c y .
Desp i te  the problem mentioned above the Cu f e r t i l i s e r  did g ive  two 
years p ro te c t io n  from Cu d e f i c i e n c y .  This is  longer  p r o te c t io n  than 
t h a t  provided by o ra l  a d m in is t r a t i o n  or  i n j e c t i o n  o f  Cu t o  sheep. The 
r e s u l t s  o f  a s in g le  Cu f e r t i l i s e r  a p p l i c a t i o n  were comparable t o  those 
obta ined using annual dosing o f  sheep w i th  Cu needles over  two years.  
However,  Cu n e e d le s  o n l y  gave p r o t e c t i o n  o v e r  t h e  c r i t i c a l  l a t e  
pregnancy and lambing per iod  whereas the Cu f e r t i l i s e r  c o n s i s t e n t l y  
maintained plasma Cu c onc e n t ra t io ns  above the d e f i c i e n c y  th resho ld  f o r
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2 years .  As the  Cu f e r t i l i s e r  appears to  be most e f f e c t i v e  when 
ingested by sheep i t s  e f fe c t i v e n e s s  may be a f fec ted  by o th e r  d i e t a r y  
and genet ic  f a c to r s  t h a t  a f f e c t  Cu absorp t ion  ra tes ,  e .g .  Mo and S; 
thus  f u r t h e r  work i s  requ i red in t h i s  area.
A l th o u g h  bo th  Cu f e r t i l i s e r  a p p l i c a t i o n  r a te s  used in  t h e  an imal 
r e s p o n s e  t r i a l s  p r o d u c e d  c o m p a r a b l e  i n c r e a s e s  i n  p la s m a  Cu 
c o n c e n t r a t i o n s  t h i s  was p r o b a b l y  due t o  i n g e s t i o n  o f  t h e  Cu 
f e r t i l i s e r s .  However,  as sheep have a h o m e o s ta t i c  mechanism f o r  
m a in ta in ing  plasma Cu c once n t ra t io ns  w i th in  a set  range and as the Cu 
f e r t i l i s e r  increased i t  t o  the top  o f  t h i s  range in both groups o f  
sheep ,  th e  d i f f e r e n c e  between t h e  two a p p l i c a t i o n  r a t e s  was n o t  
manifested in blood sampl ing.  I t  may, however, have been in l i v e r  Cu 
c onc e n t ra t io ns .  Thus i f  any long - te rm  b e n e f i t  from the  Cu f e r t i l i s e r  
i s  t o  be ob ta ined,  e s p e c ia l l y  in m a rg in a l l y  d e f i c i e n t  areas, then the  
h ighe r  ra te  o f  370 kg/ha should prove more success fu l .
The Cu f e r t i l i s e r  supp l ied Zn t o  herbage as e f f e c t i v e l y  as Cu. Zinc 
showed s im i l a r  e f f e c t s  t o  Cu. Inc reas ing  Cu f e r t i l i s e r  a p p l i c a t i o n  
r a t e s  produced s i g n i f i c a n t  i n c r e a s e s  in  herbage and g ras s  Zn 
c onc e n t ra t io ns .  Al though Zn d e f i c i e n c y  is  not a problem in Great 
B r i t a i n  i t  i s  common in several  areas o f  the world and is  o f te n  
a s s o c ia t e d  w i t h  Cu d e f i c i e n c y  (M cD owe l l ,  p r i v a t e  c o m m u n ic a t i o n ) .  
Thus the Cu f e r t i l i s e r  could have a p o te n t ia l  f o r  use as a Zn o r  
combined Cu/Zn f e r t i l i s e r  f o r  crops and l i v e s to c k  and t h i s  i s  worthy 
o f  f u r t h e r  i n v e s t i g a t i o n .
Al though the  Cu f e r t i l i s e r  prevented Cu d e f ic ie n c y  in sheep f o r  two 
years  t h i s  was due t o  i t s  Inges t ion  ra th e r  than through an increased
288
herbage Cu co n c e n t ra t io n  e f f e c t .  Th is  i s  not the  way in which a Cu 
f e r t i l i s e r  should work as i t  appears t o  depend on having s i t u a t i o n s  
where g ras s  g ro w th  i s  poor  d u r i n g  w i n t e r  o r  where a n im a ls  are  
in troduced t o  pasture  immediately a f t e r  a p p l i c a t i o n .  Th is  is  not a 
very  c o n t r o l l e d  method o f  g e t t i n g  Cu in to  the  animal as i t  does not 
guarantee an adequate or  even any consumption o f  Cu by each in d iv id u a l  
an imal.  Ne i the r  is  i t  a we l l  regu la ted method o f  Cu in take  from day- 
t o -d ay  or  month-to-month . Th is  means t h a t  al though the  Cu f e r t i l i s e r  
has been shown t o  be b e t t e r  than  any p r e v io u s  s o i l  o r  p a s tu re  
t rea tm en t  f o r  r a i s i n g  sheep Cu s ta tus  i t  i s  s t i l l  not  good enough.
Oral a d m in is t ra t i o n  o f  the  Cu f e r t i l i s e r  t o  sheep has demonstrated 
t h a t  t h i s  i s  a method o f  i n c r e a s in g  plasma Cu c o n c e n t r a t i o n s .  
However,  f e e d in g  t h e  Cu f e r t i l i s e r  d i r e c t l y  t o  t h e  an imal i s  no t  
p r a c t i c a l  as th e re  are al ready s p e c ia l l y  formulated Cu compounds, such 
as Cu needles, f o r  t h i s  purpose on the market. In a d d i t i o n ,  t h i s  
would a l s o  r e q u i r e  repea ted  use which c r e a t e s  e x t r a  work f o r  t h e  
farmer and was one o f  the  problems t h a t  pas ture  t rea tm en t  was intended 
t o  overcome. For these reasons the use o f  the Cu f e r t i l i s e r ,  e i t h e r  
as a pasture t rea tm en t  or  as a d i r e c t  animal t rea tm en t ,  f o r  the long 
term preven t ion  o f  Cu d e f i c ie n c y  in sheep could not be recommended. 
In a d d i t i o n ,  i t  i s  f e l t  t h a t  the re  are no f u r t h e r  experiments t h a t  
c o u ld  be c a r r i e d  o u t  wh ich c o u ld  lead  t o  a r e v e r s a l  o f  t h i s  
recommendat ion .  Thus fa rm e rs  shou ld  c o n t i n u e  t o  t r e a t  an im a ls  
d i r e c t l y  f o r  the  preven t ion  o f  Cu d e f i c i e n c y .
The Cu f e r t i l i s e r  does, however, have a poss ib le  r o le  in the  long term 
preven t ion  o f  Cu d e f i c i e n c y  in c rops . Copper d e f i c i e n c y  in arab le  
crops i s  a wor ldwide and increas ing  problem (Graham and Nambier, 1981;
289
Al loway and T i l l s ,  1984). The Cu f e r t i l i s e r  provided a supp ly o f  Cu 
t o  g r a s s la n d  f o r  a t  l e a s t  t h r e e  years  and p o s s i b l y  more. The 
in c o rp o ra t io n  t r i a l  a lso  showed t h a t  i t  could prov ide Cu t o  a new 
c rop .  Al though the new crop here was ryegrass the r e s u l t s  imply t h a t  
th e  Cu f e r t i l i s e r  could a lso  be a source o f  Cu t o  a rab le  crops  grown 
on C u -d e f i c ie n t  land which a t  present are u s u a l l y  sprayed annua l ly  
w i t h  a Cu s o u rc e .  I n  a d d i t i o n ,  annual p lo u g h in g  o f  a r a b l e  land 
supplemented w i th  the  Cu f e r t i l i s e r  would repeated ly  mix i t  th roughout  
the  ro o t in g  zone and would probably  increase i t s  e f f e c t i v e n e s s  in the 
years a f t e r  a p p l i c a t i o n .  There fore  i f  the Cu f e r t i l i s e r  i s  t o  have a 
f u tu r e  use in a g r i c u l t u r e  then i t s  p o te n t ia l  as a long- te rm source o f  
Cu t o . a r a b le  crops i s  the  major area worth i n v e s t i g a t i n g .
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APPEMDIX I .  MATERIALS AND METHODS
A. DETERMINATION OF LIME REQUIREMENT OF SOILS BY A MODIFIED  
ELECTROMETRIC TITRATION METHOD
1. Reagents
(a ) 0.01 M Calcium ch lo rid e
Weight out 54.75 g (AR) CaCIg, d isso lve  in de ion ised water and make up 
t o  25 1 i t r e s .
(b) 0.014 M calcium ch lo ride
Weigh out 76.75 g (AR) CaCl2 # d isso lve  in de ion ised water and make up 
t o  25 1i t r e s .
(c ) Saturated lime water (approx. 0 .04 N)
I g n i t e  approx imate ly  40 g ca lc ium oxide ( se lec ted  lump) a t  900^0 f o r  1 
hour;  cool and shake. T rans fe r  t o  a Winchester and f i l l  t h i s  w i th  
d i s t i l l e d  wate r .  Mix tho rough ly .  To prepare f o r  use, syphon the 
supernatant  l ime water through a No. 2 f i l t e r  paper in to  a s u i t a b le  
c o n ta in e r .  Top up Winchester a f t e r  use.
Main ta in  a check on the s t ren g th  o f  the l ime water by t i t r a t i n g  50 ml 
+ 100 ml 0.014 CaCl2  w i th  0.1 N HCl. Only use the  l ime water when 
t h i s  t i t r a t i o n  is  20 ml,  + 0,2 ml 0.1 N HCl ( I n d i c a t o r  Bromo-Thymol 
B1ue) .
2 . Method
Measure ou t  d u p l i c a te  volumes o f  s o i l ,  one f o r  pH and one f o r  L.R. 
( t h i s  volume i s  e q u iv a len t  t o  40 g o f  an average s o i l )  in to  12 oz 
shaking b o t t l e s  in racks.
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(a ) pH
To each pH b o t t l e  add 100 ml 0.01 M calc ium c h lo r i d e .  Place the  racks
on the  end over  end shaker and shake f o r  30 minutes .  Remove from
shaker and read immedia te ly.
(b ) L.R.
To the  L.R. b o t t l e  add 100 ml o f  0.14 M calc ium c h l o r i d e  and 40 ml 
sa tu ra ted  l ime water (by automat ic p i p e t t e ) .  Place the  racks on end
over  end shaker and shake f o r  30 minutes.  Remove from shaker and
leave to  stand o v e rn ig h t  be fore  read ing.
3 . C alcu lation
( i )  "Water” pH = pH in 0.01 M calc ium c h lo r id e  + 0 u n i t .
( i i )  Lime requ irement ( ton s /a c re )  =
5.70-pH(CaCl)x20 20 ( 5 .70-pH(CaCl2) )
2 X — ---------------    X —  = 4 X— --------------------------------------------
(pHCCaClgi+LW-pHfCaClg)) 200 pHCCaClg+LW-pH (CaCl2 )
Th is  c a l c u la t i o n  makes the  f o l l o w in g  assumptions:
(a) T i t r a t i o n  o f  50 ml l ime water (LW), 20 ml 0.1 N HCl.
(b) Weight o f  1 acre o f  s o i l  t o  9" deep, 2.25 x 10^ l b .
(c)  A f i e l d  f a c t o r  o f  approx.  2 e x i s t s ,  i . e .  the l ime requ irement as 
e s t i m a t e d  by t h i s  m ethod  i s  a b o u t  h a l f  t h e  a c t u a l  l i m e  
requirement in the  f i e l d .
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B. DETERMINATION OF MOLYBDENUM IN PLANT MATERIAL
1. Apparatus
M u f f le  furnace.
H o tp la te .
100 ml beakers and watchglasses.
50 ml beakers and watchglasses.
4 oz j a r s .
150 ml q u i c k f i t  con ica l  f l a s k s  w i th  s toppers .
F i l t e r  funne ls ;  5 mm and 120 mm.
F i l t e r  papers; No. 541, 11 cm and 1 P/S 18,5 cm,
2 ml and 10 ml sy r in g e .
Po lys ty rene tubes 13 mm x 100 mm ( I . C . P ,  t u b e ) .  
pH meter.
2 . Reagents
D i s t i l l e d  water.
6 N HCl.
R e d i s t i l l e d  HNOg.
Chiore form-ana l  a r .
4% 8 -hydroxyqu ino l  ine ,
0.125% T r i t o n  X.
4 ppm molybdenum s tandard.
Ammonia; 1 :1 .
3 . Procedure
Weigh 5 g d r ied  m i l l e d  herbage i n to  a 100 ml beaker,  cover  w i th  
watchglass and place ove rn ig h t  in the  m u f f le  furnace a t  470°C. When
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cool  add 10 ml o f  water and 10 ml 6 N HCl and r e f l u x  on a ho tp la te  f o r
30 minutes.  F i l t e r  through a No. 541 f i l t e r  paper i n t o  a 4 oz j a r .
Wash res idue w i th  water.  Re-ash f i l t e r  paper, add 5 ml H2 O and 2 ml 
HCl, r e f l u x  f o r  30 minutes and f i l t e r  i n to  the app ro p r ia te  b o t t l e .
Add 5 ml o f  ammonia t o  f i l t r a t e ,  a l low  t o  cool and a d ju s t  pH t o  0.90
us ing ammonia. Add 35 ml 8 -hyd roxyqu ino l ine .
Wash r e s u l t a n t  s o lu t i o n  i n t o  a 150 ml f la s k  and add 25 ml ch lo ro fo rm ,  
s t o p p e r  and shake f o r  2 m in u t e s .  T r a n s f e r  m i x t u r e  i n t o  a phase 
sepa ra t ing  paper and c o l l e c t  the  ch lo ro fo rm  in a 50 ml beaker.  A l low 
s o lv e n t  to  evaporate.
When d ry ,  weigh beaker and res idue ,  add 2 ml n i t r i c  ac id ,  cover  w i th  
watchglass and r e f l u x  g e n t l y  f o r  30 minutes.  Remove from h o tp la te  and 
r in s e  down watchglass and beaker w i th  8 ml o f  0.125% " T r i t o n  X".  
Weigh beaker and l i q u i d  and then t r a n s f e r  t o  TCP tube.
An in te rn a l  standard c o n ta in in g  5 ml o f  4 ppm Mo, 10 ml 6 N HCl and 
50 ml H2 O and also a blank o f  10 ml HCl and 55 ml water should be 
taken through the pH and s o lv e n t  e x t r a c t i o n  stages.
Prepare a 2 ppm Mo standard and blank con ta in in g  20% HNOg and 0.1% 
" T r i t o n  X" f o r  s ta n d a rd is a t io n  o f  the  ICP.
The Mo concen t ra t ion  i s  then determined by i n d u c t i v e l y  coupled plasma.
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